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Abstract

- While soil slope failures are undoubtedly ages old, it was not until 1905 that a rigorous and

analytic attempt was formulated and found to be generally acceptable. This attempt was prompted

“by a massive hillside failure in Sweden carrying hundreds of train-riding vacationers to their

deaths. The subsequent commission, led by A. Atterberg, developed the Swedish slip circle
method. Over subsequent years, the technique was modified to include effective stresses and has
been incrementally refined by various researchers, e.g.,

* Bishop method,

*» modified Bishop method,

* Janbu method, and

* Morgenstern-Price method.

The situation has progressed to the point where soil slope failures in geptechnical engineering
applications are relatively uncommon. What failures_'thaf do occur are usually Sﬁallow- surface
sloﬁghs or result from errors or .misjudgment in design or testing. Attesting to this relatively
established situation is the gradual decreaS_e in aéceptable factors of safety (FS) values. It is not
uncommon to review designs with values as low as 1.2 for temporary/noncritical situations as
being acceptable and constructed accordingly.

The emergence of solid waste landfills, abandoned dumps and remediated waste piles,
however, has changed the situation considerably. Cover soil instability in the liner system beneath
the waste mass, as well as in the cover system above the waste mass occurs far too frequently.
The reasons are obvious:

(a) The slopes tend to be steep so as to maximize waste volume within a limited land area.

(b) Th_e slopes tend to be long so as to maximize waste volume within a limited land area.

(c) Liner and/or cover systems contain anywhere from 1 to 12 geosynthetic interfaces.

(d) The orientation of the geosynthetic interfaces is exactly in the direction of an incipient slide.
Thus it is felt that a comprehensive report on liner and cover soil slope stébility, based on limit

equilibrium procedures, is appropriate.



The approach taken is in the form of a design/analysis tutorial. It begins with the basic
problem of a ﬁhite length, uniform thickness cover soil on a geosynthetic surface, typically a
geomembrane. The realism of including equipment loads is then analyzed. Bulldozer movement
placing cover soil up the slope, then downward, is analyzed. Two methods to increase slope
stability are then developed; tapered thickness cover soils and veneer reinforcement. Such
reinforcement can be provided by geogﬁds or high strength geotextiles. Conversely, two

phenomena that decrease slope stability are then developed; seepage forces and seismic excitation.

These situations are all examined in a theoretical manner with the requisite equations being

developed and presented. A design chart using typical values is then developed. Each situation is
then embellished with an example problem using the design charts. Holding as many variables

.constant as possible, the resulting FS-values for the various example problems are as follows.

Example Condition FS-value
1 standard example* . L25
2(a) equipment up-slope 1.24
2(b) equipment down-slope 1.03
3 tapered thickness 1.57
4 _ veneer reinforcement 1.57
5 | seepage - _ 0.93
6 seismic 0.94 -

*30 m long slope, sand cover soil of 300 mm thickness, ¢ = 30 deg.,
on a geomembrane with & = 22 deg., at a slope angle B = 18.4 deg.

The FS-values speak for themselves. Clearly, equipment moving down slopes, seepage forces

and seismic excitation can be devastating. Conversely, tapered thickness cover soils or veneer

reinforcement with geogrids or high strength geotextiles are seen to significantly increase the FS-
values. The amount of the increase is at the discretion of the design engineer.

The situation of multi-lined slopes, with weakest interface located lower than the upper
geosynthetic surface has many possible variations. Insight into typical problems of this type are
give in Appendix “A”.

Computer worksheets for each of the problems are included as Appendix “B”. They result

in design curves for the various example problems that were selected. These worksheets can be
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used for a wide variety of additional variables .différent from the ones that were arbitrarily selected
by the authors.

Once the nuances of the analytic work are ﬁnderstood and appreciated, one must always
challenge the realism of thé laboratory interface shear test results which are necessarily used in the
analysis. It does little good to have an analytic technique accurate to many decimal places, when
one is selecting relatively loosely defined shear strength values from the literature. Instead,
complete geotechnical simulation of the site specific conditions for the laboratory shear tests is

necessary. This means that saturation conditions, hydrating liquid, testing temperature, normal

's_.tresses, consolidation duration, shearing rates, ultimate shearing deformation, etc., must

accurately portray the site specific conditions. At this point one can have confidence. in the
laborator_y test values to be used in fhe analytic formulation and hence the resulting FS-values.
Unfortunately; such accurate shear strength testing is éﬁrremly felt to be the weakest element of the

entire process. .
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COVER SOIL SLOPE STABILITY INVOLVING GEOSYNTHETIC INTERFACES

With increasing needs to maximize landfill air space (by virtue of economics, logistics,
politics, etc.), the slopes of final covers of engineered landfills, abandoned dumps and
remediated waste piles tend toward being relatively steep, rather than being relatively flat.
Slopes of 3(H) to 1 (V), i.e., 18.4 deg. with the horizontal, are somewhat common and 2(H) to
1(V), i.e., 26.6 deg. with the horizontal, have also been utilized. The same situation occurs with

drainage soils placed on geomembrane lined slopes beneath the waste of engineered landfills and

* heap leach mining operations. The exception being that these applications are relatively short-
“term situations which cease to be a concern after solid waste is placed against them along with

- the accompanying buttressing action provided. Couple these steep slopes with the realization

that low interface shear strength inclusions (such as geomembrémes, hydrated geosynthetic clay'
liners (GCLs) and/or wet-of-optimum compacted clay liners (CCLs)) are oriented precisely in
the direction of a potential slide and the necessitjfor careful slope stabiiity analyses should be

obvious. Hence, the reason for this report. .

1.0_ Overview

With geomembranes, hydrated GCLs and/or wet-of-optimum CCLs used as barrier layer

components in cover and liner situations, potential shear planes exist at a number of interfaces.

Even further, geosynthetic drainage systems (for water drainage above and gas transmission
below) can be involved with additional potential shear planes. A number of slides parallel to the
sl'ope angle have occurred and have been reported in the open literature. The most common
situations appear to be the following:

* Cover soil sliding off the upper surface of a smooth geomembrane.

» Cover soil with an underlying geotextile or drainage geocomposite sliding off_ the upper

surface of a smooth geomembrane.



« Cover soil, drainage materials and underlying geomembrane sliding off the upper

surface of the underlying soil, e.g., a wet-of-optimum CCL.

* Cover soil, drainage materials and underlying geomembrane sliding off the upper-

surface of a underlying hydrated GCL, particularly if the upper surface of the GCL is a
woven slit film geotextile.

From the perspective of a slope stability analysis, the actual or potential shear plane is
generally linear, parallel to the slope angle and along the inclusion having the lowest interface
shear strength. Thus, the analysis is straightforward and is felt to be within the state-of-the-
practice. The analyses used herein are based upon limit equilibrium principles, hbwever, it
should be recognized that finite element methods have also been used for the same class of
problems, see Wilson-Fahmy and Koerner (1993). Limit equilibrium analysis is a methodology

which requires material-specific shear strength properties which are obtained from laboratory

tests simulating the site-specific situation as closely as possible. In this regard, the results -of .-

direct shear tests will -be seen to be the most significant input property in the analysis.

The result of slope stability analyses of the type to be described in this report is a global
factor-of—safefy (FS). This FS-value must be viewed in light of the significance of a potential
failure... For example, the drainage system on a geomembrane beneath the waste might be
designed for a value of 1.2 to 1.3, while a final cover under similar circumstances would
generally. require a value of 1.4 to 1.5. This, of course, depends upon site specific conditions and
(usually) a review by the appropriate regulatory agency.

In the sections to follow in this report, the general principles of limit equilibrium analysis

will be presented. Details and nuances of direct shear testing will be included. Various slope.

stability scenarios will follow, wifh details on both constant thickness cover soils and live load
considerations. To offset potentially low FS-values, procedures using tapered thickness cover
soils and/or using geosynthetic reinforcement will be presented. Seepage considerations will
form a separate section, as will seismic considerations. The summary will give design

suggestions on approaches to minimize slope stability concerns of final covers and some

. s




»\\ alternative strategies. It will also present the authors’ recommendations for minimum FS-values
under different waste-specific and risk-specific situations. Two appendices will be provided.
One deals with multiple interfaces with a low shear strength material beneath the uppermost

interface. The other gives computer worksheets for calculating FS-values for each of the classes

of problems that were evaluated.




2.0 Geotechnical Principles and Issues

As mentioned previously, the potential failure surface for final covers is usually linear
with an overlying cover soil sliding with respect to the lowest interface friétion layer in the
underlying cross section. The potential failure plane being linear allows for a straightforWard
calculation without the need for trial center locations and different radii as with soil slopes
analyied by rotational failure surfaces. Furthermore, full static equilibrium can be achieved

without solving simultaneous equations or making simplified design assumptions.

2.1 Limit Equilibrium Cdncepts
The free body. diagram of an inﬁnitely long slope with unifofmly-thick cohesionless cover
soil on an incipient planar shear surface, like the upper surface of a geomembrane, is shown in

Figure 1. The situation can be treated quite simply.

Geomembrane

Figure 1 -Limit equilibrium forces involved in an infinite slope analysis for a
uniformly thick cohesionless cover soil

(

———————— . .




By taking force summation parallel to the slope and comparing the resisting force to the

driving or mobilizing force, a global factor-cf-safery (FS) results.:

2 Resisting Forces

F. S
Z Driving Forces

_ Ntand _ Wcosﬂtan5
Wsin 8 Wsin

Hence

tan o _
FS_tanB | _ (1)

Here it is seen that the FS-value is the ratio of tangents of the iaterface friction angle of the cover . .

soil to the upper surface of the geomembrarie (9), aad the slope angle of the soil beneath the

geomembrane (B). As simplc. as fhis analysis is, its teachings are ve;y significant, for example:
-+ To obtam an accurate FS- value an accurately determmcd laboratory d- value is

absolutely critical. The accuracy of the analy51s 1s only as good as the accuracy of the

| laboratory obtained 8 value.

» For low 8-va1ues the resulting soil slope angle w1ll be proportlonately low. For
example, for a 8-value of 20 deg., and a required FS-value of 1.5, the maximum slope
angle is 14 deg.. This is equivalent to a 4(H) on 1(V) slope which is relatively low.
Furthermore, many geomembraﬁes have even lower 5-§alues, e.g., 10to 15 deg.

* This simple formula has driven geosynfhetic manufacturers to develo'p prodacts with
high &-values, i.e., textured geomembranes, thermally bonded drainage geocomposites,
internally reinforced GCLs, etc.

Unfortunately, the above analyais is too simplistic to use in most practical situations. For
example,-the following situations cannot be accommodated;

* a finite length slope with the incorporation of a passive soil wedge in the analysis,

* the incorporation of equipment loads on the slope,

» the use of tapered cover soils thickness,



« veneer reinforcement of the cover soil using geogrids or high strength geotextiles,

« consideration of seepage forces in the cover soil, or

» consideration of seismic forces acting on the cover soil.
These situations will be treated in subsequent sections. For each situation, the essence of the
theory will be presented, followed by the necessary design equations. This will be followed, in
each case, with a design chart and an example problem. First, however, the issue of interface

shear testing will be discussed.

2.2 Interface Shear Testing

The interface shear strength of a cover soil with respect to the underlying material (often
‘a geomembrane) is critical to propeﬂy analyze the stability of the cover soil. This Qalue of
interface shear strength is obtained by laboratory testing of the .project specific materials at the
site specific conditions. By project specific materials, we mean sampling of the candidate
geosynthetics to be used at the site, as well as thf; cover soil at its targeted aensity and fnoisture
content. By site épeciﬁc conditions, we mean testing at the anticipated normal stresses, moisture
cpnditions, temperature extremes (high and/or 'low),' strain rates and total deformation values.
Note that it i& completely inappropriate to use values of interface shear strengths from the
literature for final cover design.

While the above list of items is formidable, at least the type of test is established. It is the
direct shear test which has been utilized in geotechnical engineering testing for many years. The ‘
test has been adapted to evaluate geosynthetics in the USA and Germany as ASTM D5321 and
DIN 60500, respectively.

In conducting a direct shear test on a specific interface, one typically performs three
replicate tests with the only variable being three different values of normal stress. The middle
value is usually targeted to the site specific condition, with a lower and higher values of normal
stress covering the range of possible values. These three tests result in a set of shear

displacement versus shear stress curves, see Figure 2(a). From each curve, a peak shear strength




‘\\ (Tp) and a residual shear strength (7;) is obtained. As a next step, these shear strength values,

together with their respective normal stress values, are plotted on Mohr-Coulomb stress space, as

in Figure 2(b).
O
(% o, (high)
E o, (middle)
/5]
“ O, (low)
1
|
Shear Displacement
TN S - (a) Direct shear test da;é
| “ peak
_ = residual
z
7
g & = interface friction angle
7
-irc a = adhesion
Yl
Normal Stress (o)
|

| (b) Mohr-Coulomb stress space

Figure 2 - Direct shear test results and method of analysis to obtain shear
strength parameters



The points are then connected (usually with a straight line), and the two fundamental shear
strength parameters are obtained. These shear strength parameters are:
d = the angle of shearing resistance, peak and/or residual, of the two opposing surfaces
(generally called the interface friction angle)
ca= the adhesion of the two opposing surfaces, peak and/or residual (synonymous with
cohésion when testing fine grained soils against one another)
These two parameters constitute the equation of a straight line which is the Mohr-Coulomb
failure criterion cbmmon to geotechnical engineering. The concept is readily adaptable to

geosynthetic materials in the following form:

T,=¢,,+0,tand, . (2a)

T, =c, +0,tand, (2b)

The upper limit of “&p” whén soil is involved as one of the interfaces is “¢”, the angle of shearing
resistance of the soil cbmponent. The upper 1in1it of thé “Cap” value is “c”, the cohesion of the
. soil component. In the slope stability analysés to follow, the “cap OF Car” tefm, if one is present,
- will not be utilized. There must be a clear physical justification for use of such values when
: geosynthetics are involved. .Only unique situations such as textured geomembfanes with
physical interlocking, or the bentonite component of a GCL are valid reas.ons for including such
“aterm. | | |
To be noted is that residual strengths are equal, or lower, than peak strengths. The
amount of difference is very dependent on the material and no general guidelines can be given.
Clearly, project-specific and material-specific direct shear tests must be performed to determine
the appropriate values. Further, each direct shear test must be conducted to an adequate
displacement to determine the residual behavior, see Stark and Poeppel (1994). The decision as
to the use of peak or residual strengths in the subsequent analysis is a very subjective one. It is
clearly a site specific and materials specific issue which is left up to thé designer and/or

regulator. Even further, the use of peak values at the crest of the slope and residual values at the
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toe may be justified. As such, the analyses to follow will use an interface §-value with no
subscript thereby concentrating on the computational procedures rather than this particular detail.
However, the importance of the appropriate and accurate §-value should not be minimized.

Due to the physical structure of many geosynthetics, the size of the recommended shear
box is quite large. It must be at least 300 mm by 300 mm unless it can be shown that data
generated by a smaller device contains no scale or edge effects, i.e., that no bias exists with a
smaller shear box. The implications of such a large shear box should not be taken lightly. Some
issues which should receive particular attention are the following:

* Unless it can be justified otherwise, the interface will usually be tested in a saturated

state. Thus complete and uniform saturation over the entire area must be achieved.
This is particularly necessary for GCLs, Daniel, et al. (1993). Hydration- takes
relafively long in comparison to soils in conventional (smaller) testing shear boxes. |

. Consolid_atiém of soils (including CCLs and GCLs) in large shear boxes is similarly
effected. | | |

X Uniformity of normal stress over the entire area must be maintained during
consolidation and shearing so as to avoid stress concentrations from occurring.

» The application of relatively low normal stresses, e.g., 10, 20 and 30 kPa simulating
typical cover soil thicknesses, challenges the accuracy of some commercially available
shear bpx setups and monitoring systems, particularly the accuracy of pressure gages.

« Shear rates necessary to attain drained conditions (if that is the desired situation) are
extremely slow, requiring long test times. |

* Deformations necessary to attain residual strengths require large relative movement of
the two respective halves of the sheaf box. So as not to travel over the edges of the
opposing shear box sections, devices should have the lower shear box larger than 300
mm. However, with a lower shear box larger than the upper traveling section, new
surface is constantly being added to the shearing plane. This influence is not clear in

the response or in the subsequent behavior.



» The attainment of a true residual strength is difficult to achieve. ASTM D5321 states
that one should “run the test until the apI:)Iied shear force remains constant with
increasing displacement”. Many commercially available shear boxes have insufficient
travel to reach this condition.

-+ The ring torsion shearing apparatus is an alternative device to determine true residual
strength values, but is not without its own problems. See Stark and Poeppel (1994) for

information and data using this alternative test method.

2.3 Various Situations Encountered
There is a large variety of slope stability problems that may be encountered in analyzing
and/or designing final covers of engineered landfills, abandoned dumps and remediation sites as
well as drainage soils covering geomcmbranes beneath the waste. Perhaps the most common is a
uniformly thick cover soil on a geomembrane covering the slope at a given and cdns;ant slope.
‘angle. This “standard” problerﬁ will be analyzed in the next section. A variation of this problem
will include equipment loads used during placement of cover soil on the geomembrane. This
- problem will be solved with equipment moving up the slope and then moving down the slope.
- When low FS-values arise in the above problems, the designer has a number of options.
- Other than a geometric redesign of the slope, there are two options commonly used. These are to
use a tapered cover soil thickness and/or and the use of geosynthetic reinforcement. This latter
option is called “veneer reinforcement” in the literature and comes about by the inclusion of a
geogfid or high strength geotextile within the cover soil. B'ot'h of these situations will be
illustrated.
Unfortunately, cover soil failures have occurred and perhaps the majority of the failures
have been associated with seepage forces. Indeed, drainage above a geomembrane (or other
barrier material) in the cover soil cross section must be accommodated to avoid the possibility of

séepage forces. A section will be devoted to this class of slope stability problerns.

-10-




Lastly, the possibility of seismic forces exists in earthquake prone locations. If an
earthquake occurs in the vicinity of an engineered landfill, abandoned dump or remediation site,
the seismic wave travels through the solid waste mass reaching the upper surface of the cover. It
then decouples from the cover soil materials, producing a horizontal force which must be
appropriately analyzed. A section will be devoted to the seismic aspects of cover soil slope
ahalysis as well.

A subset of all of these problems are cases of multi-lined slopes. The design goal in such .

cases is to have all interface friction angles higher than the slope angle, hence stability is assured,

' recall equation (1). Unfortunately, this is sometimes not possible or practical. A variety of such

_ situations will be addressed in Appendix “A”.

3.0 Cover Soil Slope Stability Problems

This section presents the anaiyti’c formulations, design curves and example problems of a_
number of common slope stability problems. The standard problem of a uniformly thick cover
soil is deVéloped without, then with, equipment loading. When the resulting FS-value is too low
the designer can select a number of optioné. For example, lowering of the slope angle, reduction
of the slope length with intermediate berms or the use of higher shear strength materials are
possible design optioné. The analysis procedure is the same regardless of these decisions. Quite
different strategies are the use of tapered cover soil thickness and/or the use of high strength
geosynthetic inclusions. These two strategies -will be developed later in this section as being

fundamentally different and somewhat unique design alternatives.

3.1 Slopes with Uniformly Thick Cover Soils

Figure 3 illustrates a uniformly thick cover soil on a geomembrane at a slope angle “p”
which is of finite length. It includes a passive wedge at the base and a tension crack at the top.
The analysis that follows is after Koerner and Hwu (1991), but comparable analyses are

available from Giroud and Beech (1989) and McKelvey and Deutsch (1991). |

13-



" Cover Soil
Y,c, ¢

-"Geomembrane

Figure 3 - Limit equilibrium forces involved in a finite length slope analy51s
for a uniformly thlck cover soil '

The symbols used in Figure 3 are defined below.

W, =total weight of the active wedge

W_  =total weight of the passive wedge

N, =effective force normal to the failure plane of the active wedge
N_ =effective force normal to the failure plane of the passive wedge

= unit weight of the cover soil
= thickness of the cover soil _
= length of slope measured along the geomembrane

y
h
L
B  =soil slope angle beneath the geomembrane
¢ = friction angle of the cover soil

)

= interface friction angle between cover soil and geomembrane

Ca. = adhesive force between cover soil of the active wedge and the geomembrane

ca = adhesion between cover soil of the active wedge and the geomembrane

-12-




C = cohesive force along the failure plane of the passive wedge

c = cohesion of the cover soil
E, = interwedge force acting on the active wedge from the passive wedge
E, =interwedge force acting on the passive wedge from the active wedge

ES = factor-of-Safety against cover soil sliding on the geomembrane

The expression for determining the factor-of-safety can be derived as follows:

Considering the active wedge,

By balancing the forces in the vertical direction, the following formulation results:

Nﬂané—l—Cd .
—A———4sj

E,sinf=W,—-N,cosf3— 75 nf

Hence the interwedge force acting on the active wedge is:

_ (FS)(W, = N,cosB)— (N, tané + C,)sin 3
sin B(FS) .

E,

~The passive wedge can be considered in a similar manner:

,}hZ
? " sin2fB

N, =W, +E,sinf

_(©h)

C
sin

By balancing the forces in the horizontal direction, the following formulation results:

C+ Nptan¢

E,cosff= ES

-13-
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Hence the interwedge force acting on the passive wedge is:

E = C+Wytang
P cos B(FS)-sin Btan¢

(12)

By setting EA = E,, the following equation can be arranged in the form of ax’+bx+c=0 which in
our case using FS-values is:
. a(FS} +b(FS)+c=0 | (13)
where -
a= (WA ~ N, cos B)cos B

b=-{(W, -NAcoéﬁ)sinﬁtaan(NA tand + C,)sin Bcos 3
+ sin B(C + W, tan ¢)]

c=(NAtan5+Cajsin2,Btan¢ (14)

The resulting FS-value is then obtained from the follo{ving equation:

_ —b+b* - 4ac

2a S (15)

FS.

When the calculated FS-value falls below 1.0, a stability failure of the cover soil sliding on the

geomerﬁbrane is to be anticipated. Thus a value of greater than 1.0 must be targeted as being the
minimum factor-of-safety. How much greater than 1.0 the FS-value should be, isa design and/gr
regulétory issue. The issue of minimum allowable FS-values under different 'conditions will be
revisited at the end of this report. |

In order to bettef illustrate the implications of equations 13, 14 and 15, typical design
curves‘f.or various FS-values as a function of slope angle and interface friction angle are given in
Figure 4. Note that the curves are developed specifically for the variables stated in the legend of

~ the figure. Example problem #1 illustrates the use of the curves.
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Slope ratio (Hor.:Vert.)
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40 1 = /\g/
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’ . / //’
20 """ °°C 7>

Cover Soil-to-GM Friction Angle, 3 (deg)

il
1
: |
10 A !
/8
0 —
0 10 20 30 40 50

Slope Angle, B (deg)

Figure 4'- Design curves for stability of uniform-thickness cohesionless cover
soils on liner failure planes for various global factors-of-safety

Example 1: Given a 30 m long slope with a uniformly thick cover soil of 300 mm at a unit

weight of 18 kN/m3. The soil has a friction angle of 30 deg. and zero cohesion, i.e., it is a sand.
The cover soil is on a geomembrane as shown in Figure 3. Direct shear testing has resulted in a
interface friction angle between the cover soil and geomembrane of 22 deg. and zero adhesion.

What is the FS-value at a slope angle of 3(H)-to-1(V), i.e., 18.4 deg?

i Solution: ‘Using the design curves of Figure 4 (which were developed for the exact conditions of

the example problem), the resulting FS = 1.25.

Comment: In general, this is too low of a value for a final cover slope -factor-of-safety and a

redesign is necessary. While there are many possible options of changing the geometry of the
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situation, the example will be revisited later in this section using tapered cover soil thickness and

veneer reinforcement. Furthermore, this general problem will be used throughout the main body

i of this report for comparison purposes to other cover soil slope stability situations.

3.2 Incorporation of Equipment Loads
The placement of cover soil on a slope with a relatively low shear strength inclusion (like
a geomembrane) should always be from the toe upward to the crest. Figure 5(a) shows the
recommended method. In so doing, the gravitational forces of the cover soil and live load of the
construction equipment are compacting previously placed soil and working with an ever present
passive wedge and stable lower¥portion beneath the active wedge. While it is prudent to specify
“low ground pressure equipment to place the soil, the reduction of the FS-value for this situation
of equipment working up the slope will be seen to be nominal.

For soil placement down the slope, however, a s;ability anaiy_sis must add an additional
dynaﬁﬁc stress into the solution. This stress decreases the FS-value énd in some cases to a great
extent. Figure 5(5) shows this procedure. Uniess absolutely necessary, it is not recommended to
place cover. soil on a slope in this manner. If it is necessary, the design must consider the

dynamic force of the specific type of construction placement equipment.

Geomembrane

(a) Equipment backfilling up slope (the recommended method)

Figure 5 - Construction equipment placing cover soil on slopes containing geosynthetics

-16-
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Geomembrane

(b) Equipment backfilling down slope (method is not recommended )

Figure 5 - Construction equipment placing cover soil on slopes containing geosyntheiics (cont’d)

For the first case of a pulldozer pushing cover soil- up from the toe of. thé slope to ihe
crest, the analysis uses the fréé body diagram of lFigurei':_'_6(a). The analysis uées a specific piece
of construction'equipme'n,t (like a bulldozer characteriied by its weight or ground contact
pressure) and dissipates this force or stress through the cover soil thic_khess to the surface of the
geomembrane. A Boussinesq analysis is used, see Poulos and Davis (1974). This results in an

equipment force per unit width as follows:

W,=qwl _ (16)
where _ _
W, = equivalent equipment force per unit width at the geomembrane interface
.q  =Wp/(2xwxDb)

Wy, = actual weight of equipment (e.g., a bulldozer)

w = length of equipment track
b = width of equipment track .
I = influence factor at the geomembrane interface, see Figure 7
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Geomembrane

5' B We (COS_B)

(b) equipment moving down slope

Figure 6 - Additional (to gravitational forces) limit equilibrium forces due to
construction equipment moving on cover soil (see Figure 3 for
gravitational soil forces which remain the same)
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Figure 7 - Values of influence factor, “I”, for use in Equations (16) and (17) to
dissipate surface force through the cover soil to the geomembrane
interface, after Poulos and Davis (1974)

Upon determining the additional equipment force at the cover soil-to-geomembrane
interface, the analysis proceeds as.described in section 3.1 for gravitational forces only. In

essence, the equipment moving up the slope adds an additional term, W,, to the W,-force in
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equation (3). Note, however, that this involves the generation' of a resisting force as well. Thus,

the net effect of increasing the driving force as well as the resisting force is somewhat

neutralized insofar as the resulting FS-value is concerned.

Using this concept (the same equations used in section 3.1 are used), typical design

curves. for various FS-values as a function of equivalent ground contact pressures and cover soil

thicknesses are given in Figure 8. Note that the curves are develbped specifically for the

variables stated in the legend. Example problem #2(a) illustrates the use of the curves.

FS-Values

140
135
1.30
125 '

1.20

T S
LEGEND:
L=30m B=18.4deg.

y=18kKN/n? ¢ = 30 deg.

- c=0kN/m?® c,=0kN/m
' —~— =900 mm
\ . .
T e h =300 mm
10 20 30 40 50 60

Ground Contact Pressure (kN/m?)

Figure 8 - Design curves for stability of different thickness of cover soil for various
construction equipment ground contact pressures

iExample 2(a): Given 30 m long slope with uniform cover soil of 300 mm thickness at a unit
iw’eight of 18 kN/m3. The soil has a friction angle of 30 deg.-and zero cohesion, i.e., it is a sand.

iIt is placed on the slope using a bulldozer moving from the toe of the slope up to the crest. The

]

i
|

|
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;&bulldozer has a ground pressure of 30 kN/m? and tracks that are 3.0 m long and 0.6 m wide. The
%cover soil to geomembrane friction angle is 22 deg. and zero adhesion. What is the FS-value at a

'slope angle of 3(H)-to-1(V), i.e., 18.4 deg.

i

Solution:  This problem follows example #1 exactly except for the addition of the bulldozer

i
1movi-ng up the slope. Using the design curves of Figure 8 (which were developed for the exact|
conditions of the example problem), the resulting FS = 1.24.

Comment: While the resulting FS-value is low, the result is best assessed by comparing it to

example #1, i.e., the same problem except without the bulldozer. It is seen that the FS-value has

only decreased from 1.25 to 1.24. Thus, in general, a low ground contact pressure bulldozer

. | placing cover soil up the slope does not significantly decreaée the factor-of-safety .

For the second case of a bulldozer pushing cover soil down from the crest of the slopé to
the toe, the analysis uses the force diagram of Figure 6(b). While the weight of the equipment is
treated as just described, an additional. force due to acceleration (6r dgc’éleration) of the
equipment must be addéd. to the énélysis. "This analysis again uses a specific piece of
construction equipment operated in a specific manner. It produces a force parallel to the slope
equivalent to Wy, (2/g), where Wy, = the weight of the bulldozer, a = acceleration of the bulldozer

_and g= aécelerafion due to gravity. Its magnitude is equipment operator dependent and related

to both the equiprhent speed and time to reach such a speed, see Figure 9.

21-



{

n
?
\}

Q

Time to Reach the Anticipated Speed (sec.)

10

O¢ —
"?"\

8 J A
/ o ‘/

6 / P

S
4 / / g d a’glo% n
A A A AT
WPt
0 _
0 5 10 15 20 25 30 35

Anticipated.Sp'eed (km/hr)

Figure 9 - Graphic relationship of construction equipment speed and rise time to

obtain equipment acceleration

The acceleration of the bulldozer, coupled with an influence factor “I” (frofn Figure 7),

results in the dynamic force per unit width at the cover soil to geomembrane interface, “Fe”. The

relationship is as follows:

where

Fe =

= equivalent equipment (bulldozer) force per unit width at geomembrane interface,

I o]
n

0Q

—
I

(o ‘
&/ (17)

dynamic force per unit width parallel to the slope at the geomembrane interface,

recall Equation (16).

soil slope angle beneath geomembrane
acceleration of the bulldozer
acceleration due to gravity

influence factor at the geomembrane interface, see Figure 7




Using these concepts, the new force parallel to the cover soil surface is dissipated through
\ : the thickness of the cover sand to the interface of the geomembrane. Again, a Boussinesq
analysis is used, see Poulos and Davis (1974). The expression for finding the FS-value can now

be derived as follows:

Considering the active wedge, and balancing the forces in the direction parallel to the slope, the

following formulation results: «

PR
T + Nt
4)0‘19{;0‘ EA+(Ne A;Sm6+ca =(“’A+W)S]nﬂ+}i (18)
where ent force normal to the failure plane of the active wedge \\YO}U
@
Note that all th bolshave been previously defined. = .

The interwedge force acting on the active wedge can now be expressed as:

_ (FS)[(W, +W,)sin B+ E1-[(N, + NA)tanS +C,]

N,
\

) E, | Fs (20)
The passive wedge can be treated in a similar manner and the following formulation of the
interwedge force acting on the passive wedge results:

C+W,
E, = 2200 @)
cos B(FS)—sin fStan¢

By setting E, = E,, the following equation can be arranged in the form of equation (13) in which
the “a”, “b” and “c” terms are defined as follows:

a=[(W, +W,)sin B+ F,Jcos B

b=—{[(N, + N,)tan8 + C,]cos B+ [(W, + W.)sin § + F, ]sin Stan ¢

+(C+ W, tang))
c=[(N,+N,)tand + C,Jsin ftan¢ ) (22)
) Finally, the resulting FS-value can be obtained using equation (15).
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Using these concepts, typical design curves for various FS-values as a function of equipment .
ground contact pressure and equipment acceleration can be developed, see Figure 10. Note that
the curves are developed specifically for the variables stated in the legend. Example problem

#2(b) illustrates the use of the curves.

Ground Contact Pressure (psi)

0 2 4 6 8
1.4- 1. 1 l ]J l 1
. LEGEND:
] L=30m B = 18.4 deg.
1.3 y=18kKN/m’ ¢=30deg. [
i - h=300mm ¢ =c,=0kN/m?
“ _ w=30m b=0.6m
5124 T
; 1 \ N_a':\o(ﬁg\.\ _
& ] X\\ a=0jp . T
1l X ¢ | _
\ \‘ *015g T ———]

D

’ R AN \1\"20 —

| 0.3 \
0.9 %

0 10 20 30 40 50 60
Ground Contact Pressure (kN/m? )

[ |
1)
4

Figure 10 -Design curves for stability of different construction equipment ground
contact pressure for various equipment accelerations

IExamp-le 2(b): Given a 30 m long slope with uniform cover soil of 300 mm thickness at a unit

' iweight of 18 kN/m3. The soil has a friction angle of 30 deg. and zero cohesion, i.e., it is a sand.
{

;It is placed on the slope using a bulldozer moving from the crest of the slope down to the toe.

EThe bulldozer has a ground contact pressure of 30 kN/m? and tracks that are 3.0 m long and 0.6

Em wide. The estimated equipment speed is 20 km/hr and the time to reach this speed is 3.0 sec. ! (
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iThe cover soil to geomembrane friction angle is 22 deg. and zero adhesion. What is the FS-

value at a slope angle of 3(H)-1(V), i.e., 18.4 deg.

'Solution: Using the design curves of Figures 9 and 10 (which were developed for the exact

conditions of the example problem), we obtain the following:

- From Figure 9 at 20 kmv/hr and 3.0 sec. the bulldozer’s acceleration is 0.19g.

* From Figure 10 (which is developed for a cover soil thlckness of 300 mm) at a
value of a = 0.19 g and q = 30 kPa, the resulting FS = 1.03.

Comment: This problem solution can now be compared to the previous two examples:

Ex. 1: cover soil alone with no

_ “ bulldozer . - - FS=125
Ex. 2(a): cover soil plus )
bulldozer moving up slope FS=1.24

Ex. 2(b): cover soil plus

bulldozer moving down slope FS=1.03
The inherent danger of a bulldozer moving down the slope is readily apparent. Note, that the
same result comes about by the bulldozer decelé';ating. instead of accelerating. The sharp|.
breaking action of the bulldozer is argliable the more severe condition due to the extrémely short
times involved when stopping forward motion. Clearly, only in unavoidable situations should
the cover soil_ placement equipment be_allbwed to work down the slope. If it is unavoidable, an
analysis should be made of the specific stability situation and the construction specifications
should reflect the exact conditions made in the analysis. At the minimum, the ground contact
pressure of the equipment should be stated .along with suggested operator control of the cover|
soil placement operations. Truck traffic on the slopes can also give as high, or even higher,

stresses and should be avoided in all circumstances.

3.3 Slopes with Tapered Thickness Cover Soils

One method available to the designer to increase the FS-value of a slope is to taper the
cover soil thickness from thick at the toe, to thin at the crest, see Figure 11. The FS-value wil]l
increase in approximate proportion to the thickness of soil at the toe. The analysis for tapered

cover soils includes the design assumptions of a tension crack at the top of the slope, the upper
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surface of the cover soil tapered at a constant angle “®”, and the earth pressure forces on the

respective wedges oriented at the average of the surface and slope angles, i.e., the E-forces are at

an angle of (0+B)/2. The procedure follows that of the uniform cover soil thickness analysis.

Again, the resulting equation is not an explicit solution for the FS, and must be solved indirectly.

Active Crest

Figure 11 -Limit equilibrium forces involved in a finite length slope analysis with
tapered thickness cover soil from toe to crest

Al symbols used in Figure 11 were previously defined (see section 3.1) except the following:

D = thickness of cover soil at bottom of the landfill, measured vertically
h, = thickness of cover soil at crest of the slope, measured perpendicular to the slope
D

y  =see Figure 11=(L——'_E—hc tan B)(sin f — cos ftan @)
sin
o = finished cover soil slope angle, note that w < p

The expression for determining the FS-value can be derived as follows:

Considering the active wedge,

WA=}/KL— > —-hctanﬂ) (M+hcj+m:l (23)
sin 3

2 2
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N,=W,cosf . (24)

D
= - 25
C,=c, (L sinp ) o (25)

By baiancing the forces in the vertical direction, the following formulation results:

NAtan6+'C

w+p .
2 (sin B 26
FS (sin p) (26)

2

E, sin( y=W,-N,cosf—

Hence the interwedge force acting on the active wedge is:

- (FSY(W, - N,cosB)—(N,tané + C,)sin 8

o+
5 WFS)

E, @27)

sin(

The passive wedge can be considered in a similar manner:

WP-; ¥ [(L—i;hctar-lﬁj(sin_ﬁ—co'sﬁtan@); hc } ._(28)

. __.-_2tanco sin B ‘ .cosf

'Np=wp+Epsig(“’;“ﬁ) B | T 9)

c=—7—[( D ﬁ-hctgnﬁ)(sinﬁ'-cbsﬁtanw)tﬁ—]' 30

tan @ sin osf3

By balancing the forces in the horizontal direction, the following formulation results:

E,,cos(aHB): C+ N, tan¢ 31)
2 FS
Hence the interwedge force acting on the passive wedge is:

E, = C+W,tan¢ (32)

cos(w;ﬁ)(FS)—sin(w;ﬁ)tand)

Again, by setting E, = E,, the following equation can be arranged in the form of ax’+bx+c=0

which in our case is



a(FS)* +b(FS)+c=0 (13)

where

a=(W,-N, cosﬁ)ws(wzﬁ)

b=-[(W, —NAcosﬁ)sin(w;ﬁ)tamPHNA tan5+Ca)sinﬁcos(w;ﬁ)

+sin(w;ﬁ)(c+ W, tan 9)]

c=(N, tan5+Ca)sinﬂsin(w;ﬁ )tantp | (33)

| Again, the resulting FS-value can then be obtained using equation (15).

To illustrate the use of the above developed equationé, the design curves of Figure 12 are
offered. They show that the FS-value increases in proportion to greater cover soil thicknesses at

" the toe of the slope with respect to the thickness at the crest. * This is evidenced by é shallower

_ ﬁnished'cover soil slope angle than that of the slope angle of the geomembrane and the soil .

beneath, i.e., the value of “®” being less than “B”.' Note that the curves are developed
specifically for the variables stated in the legend. Example problem #3 illustrates the use of the

curves.
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Figure 12 - Design curves for FS-values of tapered cover soil thickness

Example 3: Given a 30 m long slope with a tapered thickness cover soil of 150 mm at the crest

extending at an angle “®” of 16 deg. to the intersection of the cover soil at the toe. The unit
weight of the cover soil is 18 kN/m3. The soil has a friction angle of 30 deg. and zero cohesion,
ie., it is a sand. The interface friction angle with the underlying geomembrane is 22 deg. and

zero adhesion. What is the FS-value at an underlying soil slope angle “B” of 3(H)-to-1(V), i.e.,

118.4 deg.?

‘Solution: Using the design curves of Figure 12 (which were developed for the exact conditions

-of the example problem), the resulting FS = 1.57.

'Comment: The result of this problem (with tapered thickness cover soif) is FS = 1.57, versus

|
i
|

example #1 (with a uniform thickness cover soil) which was FS = 1.25. Thus the increase in FS-
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value is 24%. Note, however, that at ® = 16 deg. the thickness of the cover soil normal to the
slope at the toe is approximately 1.4 m. ‘Thus the increase in cover soil volume used over
example #1 is from 8.9 to 24.1 m’/m (= 170%) and the increase in necessary toe distance is from
1.0t04.8 m (= 380%). The trade-offs between these issues should bé considered when using the

strategy of tapered cover soil thickness to increase the FS-value of a particular cover soil slope.

3.4 Veneer Reinforcement of Cover Soil Slopes

A fund.amemally different way of increasing a given slope’s factor-of-saféty is to
reinforce it with a geosynthetic material. Such reinforcement can be.either intentional or non-
intentional. By intentional, we mean to include a geogrid or high strength geotextile within the
cover soil to purpo_sély reinforce the system against instability, see Figure 13. Depending on the

type and amount of reinforcement, the majority, or even all, of the gravitational stresses can be

supported resulting in a major increase in the FS-value. By non-intentional, we refer to multi-

'component liner systems where a low shear strength interface is located beneath an overlying

geosynthetic(s). In this case, the overlying geosynthetic(s) is inadvertently acting as veneer -

reinforcement to the system. In some cases, the designer may not realize that such
geosynthetic(s) are being stressed in an identical manner as a geogrid or high strength geotextile,

but they are. The situation where a relatively low strength protection geotextile is placed over a

geomembrane and benéath the cover soil is a case in point. Intentional, or non-intentional, the

stability analysis is identical. The difference is that the geogrids and/or high strength geotextiles
gii/e a major increase in the FS-value, while a protection geotextile (or other lower strength

geosynthetics) only nominally increases the FS-value.

Seen in Figure 13 is that the analysis follows section 3.1, but a force from the
reinforcement “T”, acting parallel to the slope, provides additional stability. This force “T”, acts

orily within the active wedge. By taking free body forée diagrams of the active and passive
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wedges, the following formulation for the factor-of-safety resulits. All symbols used in Figure 13
were previously defined (see section 3.1) except the following:

T = Tallow

= the allowable (long-term) strength of the geosynthetic reinforcement inclusion

- Cover Soil

Active Wedgfa Cv1,c,0

Reinforcement

Geomembrane

Figure 13- Limit equilibrium forces involved in a finite length slope analysis for a
uniformly thick cover soil including the use of veneer reinforcement

Considering the active wedge, by balancing the forces in the vertical direction, the following

formulation results:

EAsinB=WA—NAcosB—(M—tan%Ei+T)sinﬁ (34)

Hence the interwedge force acting on the active wedge is:

£ o (FSYXW, =N, cosB—TsinB)~ (N, tan8+C,)sin
A ~ sin B(FYS)

(35)
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Again, by setting E, = E, (see equation (12) for the expression of Ep), the following equation
can be arranged in the form of equation (13) in which the “a”, “b” and “c” terms are defined as
“follows:
| a=(WA—NAcosﬁ—TsinB)cosﬁ
b= —[.(W:1 ~N,cosf- Tsinﬁ)sinﬁtan¢+(NA tand + Ca)sinﬁcosﬂ.

+ sin B(C + W, tan 9)]
c=(N,tand +C,)sin’ Btan¢ | (36)

Again, the resulting FS-value can be obtained using equation (15).

The value of allowable tensile strength is necessary for the long-term stability of the cover soil.
In order to obtain an ultimate, or as-manufactured, tensile strength of the geogrid or high strength
geotextile, the value of Ty)jow must be increased fdr site specific conditions via partial factors-of-
safety. Such values as installation damage, creep and long-term degradation are generally
considered, see equation 37 after Koerner (1994). Note that 1f seaﬁas -a‘r.c' inv;;lvéd in the

reinforcement, a partial factor-of-safety should be added accordingly.

1

Tatiow = Tunr

FSip X FScr X FScap - 37
where
T,., = allowable value of re_ihforcement strength
T, = ultimate. (as-manufactured) value of reinforcement strength
FS = partial factor-of-safety for installation damage
FS., = partial factor-of-safety for creep
FS_, = partial factor-of-safety for chemical/biological degradation

To illustrate the use of the above developed equations, the design curves of Figure 14

have been developed. They show the improvement of FS-values with increasing strength of the
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reinforcement. Note that the curves are developed specifically for the variables stated in the

legend. Example problem #4 illustrates the use of the design curves.

Slope Ratio (Hor.:Vert.)
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Allowable Reinforcement Strength (kN/m)
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Figure 14- Design curves for FS-values for different slope angles and veneer remforcement
st.rengths of uniform thickness cohesionless cover soils

Example 4: Given a 30 m long slope with a uniform thickness cover soil of 300 mm and a unit
weight of 18 kN/m3. The soil has a friction angle of 30 deg. and zero cohesion, i.e., it is a sand.
The proposed reinforcement is a geogrid with an allowable wide width tensilé' strength of 10
kN/m. Thus the partial factors-of-safety in equation (37) have already been included. The

geogrid apertures are large enough that the cover soil will strike-through and provide an interface
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friction angl.e with the underlying geomembrane of 22 deg. and zero adhesion. What is the FS-
value at a side slope angle of 3(H)-to-1(V), i.e., 18.4 deg.?

Solution: Using the design curves of Figure 14 (which were developed for the exact conditions
of the example problem), the resulting FS = 1.57. |
Comments: Note that the use of Tajjow = 10 kKN/m in the analysis will require a signiﬁcantly
highér Typ value of the geogrid per equation 37. For example, if the total partial factors-of-

safety in equation 37 was 4.0, the ultimate (as-manufactured) strength of the geogrid would have

{to be 40 kN/m. Also, note that this same type of analysis could also be used for high strength

geotextile reinforcement. The only difference is that strike-through of the cover soil will not|.

occur. Hence, the interface shear strength of concern is the geotextile to the underlying

geomembrane. The analysis follows along the same general lines as presented here. More detail

on this latter situation is provided in Appendix “A”.

It should be emphasized that the preceding analysis is focused on intentionally improving

the FS-value by the inclusion of geosynthétic reinforcement. This is provided by geogrids or

high _sirength geotextiles being placed above the upper surface of the low strength interface
fnaterial,. The reinforcement is usually placed directly above the. géomembrane or other
geosynthetic material.

Interestingly, some amounf of veneer reinforcement is often non-intentionally provided
by a protectioh geotextile placed above a geomembrane lined slope and beneath the cover soil.
The geotextile will obviously be highly stressed by the cover soil and if its interface friction
strength against the underlying geomembrane is relatively low, it will tend to slide on the
underlying geomembrane. When contained in an anchor trench, however, the protection
geotextile actually acts as a de-facto reinforcement material. Since its wide width tensile
strength is usually low, it does relatively littie to improve the slope’s factor-of-safety.
Furthermore, when it fails or pulls out of its anchor trench, the sliding of the geotextile (and

overlying cover soil) on the underlying (and stationary) geomembrane is very abrupt. This same
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situation occurs deeper into the cross section for many multiple lined slopes, e.g., with GCLs.
Appendix “A” treats a number of common situations. Clearly, if veneer reinforcement is to be
provided it must be done intentionally with the proper type of geosynthetic and designed

accordingly.

4.0 Consideration of Seepage Forces

The previous section presented the general problem of slope stability analysis of final

- cover soils placed on slope angles of varying degrees. The tacit assumption throughout was that
~ a drainage layer was placed above the barrier layer with adequate capacity to efficiently remove,

. le., transmit, permeating water parallel to the slope and .safely away from the cross section. The

amount of water to be removed is obviously a site specific situation. Note that in extremely arid
areas, drainage may not be required although this is generally the exception.

Unfortunately, adequate drainage of final covers has sometimes not been available and

. seepage induced slope stability problems have occurred. The following situations have resulted

in seepage induced slides:
» Inadequate drainage capacity at the toe of long slopes where seepage quantities
accumulate é.nd_ are at their maximum.
* Fines from quarried stone accumulating at the toe of the slope thereby de_creas-ing the
as-constructed _pérmeability ovef time. - | |
* Fine, cohesionless, cover soil particles migrating through the filter (if one is even
present) and the drainage layer, and then accumulating at the toe of the slope thereby
decreasing the as-constructcd permeability over time.
» Freezing of the drainage layer at the toe of the slope, while the top of the slope thaws,
-thereby mobilizing seepage forces against the ice wedge at the toe.
If seepage forces of the types d¢scribe'd occur, a variation in slope stability design methodology .
is required. Such analysis is the focus of this subsection. Detailed discussion is given in Soong

and Koemner (1996).
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Consider a cover soil of uniform thickness placed directly above a geomembrane at a
slope angle of “B” as shown Figure 15. Different from previous examples, however, is that (/
within the cover soil exists a saturated soil zone for part of all of the thickness. The saturated
boundary is shown as two possibly different phreatic surface orientations. This is because
seepage can be built-up in thé cover soil in two different ways: a horizontal buildup from the toe
upward and a parallel-to-slope buildup outward. These two hypotheses are defined and
quantified as a horizontal submergence ratio (HSR) and a paralle]l submergence ratio (PSR). The

dimensional definitions of both ratios are given in Figure 15.

Passive y . T (
R ' / HSR = Hw
h
’ B h

Figure 15- Cross section of a uniform thickness cover soil on a geomembrane illustrating
different submergence assumptions and related definitions, Soong and Koerner
(1996)
When analyzing the stability of slopes using the limit equilibrium method, free body
diagrams of the passive and active wedges are taken with the appropriate forces (now including
pofe water pressures) being applied. Note that the two interwedge forces, namely, E, and E,, are

also shown in Figure 15. The formulation for the resulting factor-of-safety, for horizontal

seepage buildup and then for parallel-to-slope seepage buildup, follows.

-36-



~,

The Case of Horizontal Seepage Buildup. Figure 16 shows the free body diagram of both the

active and the passive wedges assuming horizontal seepage buildup.

(zi) Active wedge

Hy __h
sinf sinfcosP

NP(E‘_‘PE) T ™~ Y,hcosp

FS
P U,
(b) Passive wedge 1
Np

.Figure 16 - Limit equilibrium forces involved in a finite length slope of uniform cover
: soil with horizontal seepage buildup, Soong and Koerner (1996)

All symbols used in Figure 16 were previously defined except the following:

saturated unit weight of the cover soil

Ysét'd

Yary dry unit weight of the cover soil

-37-



Yo = unit weight of water

H = vertical height of the slope measured from the toe

Hy, = vertical height of the free water surface measured from the toe

Uy, = resultant of the pore pressures acting on the interwedge surfaces
U, = resultant of the pore pressures acting perpendicular to the slope |
U, = resultant of the vertical pore pressures acting on the passive wedge

The expression for finding the factor-of-safety can be derived as follows:

Considering the active wedge,

W, = (m-d(h)qﬂw cosﬁ—h)){nn.(h)_(lf - HW)J 38)
sin2f8 sin 8 :
U = yw(h)(coé ﬁ?(ZHw cosf§ - h) | ' ('39)'
sin2f3 e
_nh - |
U, = ) | - (49)
N, = W,(cos B)+U,(sin B)-U, I (41)

The interwedge force acting on the active wedge can then be expressed as:

o N, tand
EA=WAsmB—'U,,cosﬁ—¢FS—— 42)

The passive wedge can be considered in a similar manner and the following expressions result:

Y:at'dhz . | |

W, = Lsard?_ 43
F sin2f8 - &)
U,=U,cotp ' (44)

The interwedge force acting on'the passive wedge can then be expressed as:

sin Btan ¢ — cos B(FS)
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) Again, by setting E,=E,, the following equation can be arranged in the form of ax’+bx+c=0
which in this case is )

a(FS? +b(FS)+c=0 (13)

where
a=W,sinfcosf—U,cos’ B+U,

b =-W,sin’ Btan¢ + U, sin fcos Stan ¢
’ .—N,'\cos,Btané—(WP—UV)tamp

¢ =N, sin ftanStan ¢ | - (46)

- Again, the resulting FS-value is obtained using equation (15).

- The Case of Parallel-to-S-IOQe-Seepage Buildup. Figure 17 shows the free body diagrams of both
the active and passivé wedges with seepége buildup in the direction parallel to the slope.

Identical symbols as defined in the prévious .cése are used here with an additional definition of

hw equal to the helght of free water surface measured in the d1rcct10n perpcndlcular to the slope.

Note that the general expression of factor of-safety shown in equatlon (15) is still valid. |

" However, the a, b and ¢ terms shown in equation (46) have different definitions in this case

cen e iem s e e e b s

owing to the new definitions of the following terms:

W, = Yan(h—=h,)2Hcos B~ (h +. h )+ 7Y ra(h,Y2Hcos B —h,) 7
sin2f3
U = y.h, cos ,B(.2H cosfB-h,) )
sin2f :
2
Uh - }’w(hw) (49)
2
2 2 2
WP = Yd’.\'(h _ hw) + ysal'd(hw) (50)
sin2f3

In order to illustrate the effect of the above developed equations, the design curves of

Figure 18 have been developed. They show the decrease in FS-value with increasing

)

submergence ratio for all values of interface friction. Furthermore, the differences in response
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curves for the parallel and horizontal submergence ratio assumptions are seen to be very small. (

Note that the curves are developed specifically for the variables stated in the legend. Example

problem #5 illustrates the use of the design curves.

(a) Active wedge

H . h
sinf  sinfcosp

7

N— o

Ywhucosp

s~

B,
-

YwhucosP

(b) Passive wedge 1\]

- Figure 17 -Limit equilibrium forces involved in a finite length slope of uniform cover soil
with parallel-to-slope seepage buildup, Soong and Koerner (1996)
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]| LEGEND:
1_50_:__ L=30m h =300 mm

B=18.4deg. o=30deg. oy
y= 18 kKN/m? ¢ = ¢ ,= 0 kN/m? Q:
P
\
-

i\

1.25 ]

) 0.75 / -~ | ] / l/’x-D/
0;505 / - PSR
:/// ------ HSR
025 1 — —
10 15 20 ' 25 30

Soil-to-GM Interface Friction Angle, 5 (deg.)

Figure 18 -Design curves for stability of cohesionless, uniform thickness,
cover soils for different submergence ratio

Example 5: Given a 30 m long slope with a uniform thickness cover soil of 300 mm at a dry unit

weight of 18 kN/m3. The soil has a friction angle of 30 deg. and zero cohesion, i.e., it is a sand.

The soil becomes saturated through 50% of its thickness, i.e., it is a parallel seepage problem

with PSR = 0.5, and its saturated unit weight increases to 21 kN/m3. Direct shear testing has

resulted in an interface friction angle of 22 deg. and zero adhesion. What is the factor-of-safety

. |at a slope angle of 3(H)-to-1(V), ie., 184 deg.

Solution: Using the design curves of Figure 18 (which were developed for the exact conditions
of the example problem), the resulting FS = 0.93. - |
Comment: The seriousness of seepage forces in a slope of this type are immediately obvious.

Had the saturation been 100% of the thickness, the FS-value would have been even lower.

!Furthermore, the result from a horizontal assumption of saturated cover soil with the same
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| saturation ratio will give almost identically low FS-values. Clearly, the teaching of this example
| problem is that adequate long-term drainage above the barrier layer in cover soil slopes must be

| provided to avoid saturation from occurring.

5.0 Consideration of Seismic Forces

In areas of anticipated earthquake activity, the slope stability analysis of a final cover soil
over an engineered landfill, abandoned dump or remediated site must consider seismic forces.
Subtitle “D” of the U.S. EPA regulation.s requires such an analysis for sites that have
experienced 0.1 g horizontal acceleration, or more, within the past 250 years. This includes

zones 3, 2 and most parts of 1 on a seismic zone map as seen in Figure 19. For the continental

USA it includes not only the western states, but major sections of the midwest and northeast '

states, as well. If practiced worldwide, such a criterion would have huge implications.

‘Seismic analysis of cover soils of the type under consideration in this report is a two-part

process.
» The calculation of a FS-value using a pseudo-static analysis via the addition of a
horizontal force acting at the centroid of the cover soil cross section.
~ If the FS-value in the above calculation falls below 1.0, a permaneﬁt deformation
analysis is required. The calculated deformation is then assessed in light of the
potential damage to the cover soil section and is either accepted, or the slope r.equife_s
an appropriate redesign. The redesign is then analyzed until the situation becomes
acceptable. |
The first part of the analysis is a pseudo-static approach which follows the previous
examples except for the addition of a horizontal force at the centroid of the cover soil in
proportion to the anticipated seismic activity. Figure 19 gives average seismic coefficients for
various zones in the USA. Similar maps are available on a worldwide basi§. Note that Cg is

nondimensional and is a ratio of the bedrock acceleration to gravitational acceleration. This value
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) of C, is modified using available computer codes such as “SHAKE”, see Schnabel et al (1972),
: for propagation to the landfill cover as shown in Figure 20. In most cases it will be amplified.
Detailed discussion see Seed and Idriss (1982) and Idriss (1990). The analysis then proceeds as

follows.

LEGEND

Zone 0 - No damage

’ Zone 1 - Distant earthquakes with fundamental periods
greater than 1.0 second may cause minor
damage. Corresponds to intensities V and VI
on the Modified Mercalli intensity scale.

Zone 2 - Moderate damage; corresponds to intensity
4 VIl on the Modified Mercalli intensity scale.

Zone 3- Major damage; corresponds to intensity VIII
and higher on the Modified Mercalli intensity scale.

Seismic coefficients corresponding to each zone.

Zone Intensity of Modified | Average Seismic Remark
Mercalli Scale Coefficient (Cs)
0 — 0 No damage
1 V and VI - 0.03t00.07 Minor damage
2 VII 0.13 Moderate damage
‘) 3 VII and higher 0.27 Major damage
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Figure 19 -Seismic zone map and related sexsrmc coefficients for contmental USA, after
Algerrmsscn (1969)

Cover Soil
Y,C, ¢

CsWp -~ Geomembrane

Passive Wedge

-~ Figure 20 -Limit equ111br1um forces mvolved in pseudo-statlc analy51s using
average seismic coefficient

All symbols used in Figure 20 have been preyiously'defined and the expression for

finding the factor-of-safety can be derived as follows:

Considering the active wedge, by balancing the forces in the horizontal direction, the following -

formulation results:

(N,tané + C,)cos 8 — CW, + N, sin B

E, cos
B+ FS (51)

Hence the interwedge force acting on the active wedge results:

(FSY(C,W, + N, sin ) — (N, tan6+C Jcosf3
Ea
(FS)cos (52)




\\;/

-
~, .
S

The passive wedge can be considered in a similar manner and the following formulation results:

C+ N tang

E.cosB+C.W, =
P :B s FS | (53)

Hence the interwedge force acting on the passive wedge is:

_ C+ W, tang ~ CW,(FS)
F (FS)cosf—sinfBtan¢ (54)

~ Again, by setting E 4=E, the following equation can be arranged in the form of ax2+bx+c¥0

which in our case is: . : : _
a(FS? +b(FS)+c=0 : (13)

where
a =(C;W, + N, sin 8)cos 8 + C;W, cos 3

b= .—[(CSW:1 -il-N,,A sin B)sin ftang + (N, tan6.+ C,)cos’ B
+(C+ Wy tan¢)cos ]

c=(N,tan8 +C,)cos Bsin ftangp (55)
The resulting FS-value is then obtained from the following equation:

=-—b+\/b2 —4ac

2a

FS (15)
Using these concepts, a typical design curve for various FS-values as a function of

seismic coefficient can be developed, see Figure 21. Note that the curve is developed

speciﬁcally for the variables stated in the legend. Example problem 6(a) illustrates the use of the

curve.
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LEGEND:
N L=30m  h=300mm
1.2 y=18kN/m® ¢ =30 deg.

\ §=22deg. c=ca=0kN/nr
10 X,

i <
L et T

0.00 0.05 0.10 0.15 0.20 0.25 0.30

FS-Values

.08

Average Seismic Coefficient, Cs _ < '

Figure 21 -Design curves for a uniformly thick cover soil pseudo-static seismic
analysis with varying average seismic coefficients

Example 6(a): Given a 30 m long slope with uniform thickness cover soil of 300 mm at a unit
weight of 18 kN/m3. The soil has a friction angle of 30 deg. and zero cohesion, i.e., it is a sandj
The cover soil is on a geomembrane as shown in Figure 20. Direct shear testing has resulted in
an interface friction angle of 22 deg. and zero adhesion. The slope angle is 3(H)-to-1(V), i.e.,
18.4 deg. A design earthquake appropriately transferred to the site results in an average seismic

coefficient of 0.10. What is the FS-value?

Solution: Using the design curve of Figure 21 (which was developed for the exact conditions of%
' !

'the example problem), the resulting FS = 0.94. '

Comment: Had the above FS-value been greater than 1.0, the analysis would be complete. Theé

assumption being that cover soil stability can withstand the short-term excitation of an' K
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earthquake and still not fail. However, since the value is less than .1.0, a second part of the

o

| analysis is required.

The second part of the analysis is based on calculating the estimated deformation of the
lowest shear strength interface in the cross section under consideration. The deformation is then
assessed in light of the potential damage that may be imposed on the final cover system.

To begin the permanent deformation analysis, a yield acceleration, “Csy”, is obtained

_ from a pseudo-static analysis .urider an assumed FS = 1.0. Figure 21 illustrates fhis_procedure for
‘the assumptions stated in the legend. It results in a value of Csy = 0.075. Coupling this value
with the spectrum obtained for the actual site location and cross section, results in a comparison
as shown in Figure 22(a). If the earthquake spectrum never exceeds the value of Cgy, there is no
anticipated permanent deforfr_lation._ However, whenever any part of the spectrum exceeds the
value of Cy, pan_}anent.defo;matiqn is expected. By double integration of the acceleration

spectrum, to velocity and then to displacement, the anticipated value of deformation can be

- obtained: This value is considered to be permanent deformation and is then assessed based on
the site-specific implications of damage to the final cover system. Example 6(b) continues the

previous pseudo-static analysis into the deformation calculation.
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‘Example 6(b): Continue the example problem 6(a) and determine the anticipated permanent

deformation of the weakest interface in the cover soil system. The site-specific design spectrum
is given in Fig.ure 21(a).

Solution: The interface of concern is the cover soil-to-geomembrane for this particular example.
With a yield acceleration of 0.075 from Figure 20 and the site-specific design spectrum shown in
Figures 21(a), doﬁble integration produces Figures 21(b) and (c). The three peaks exceeding the
yield acceleration value of 0.075, produce a cumulative deformation of approximately 54 mm.
This vélue is now viewed in light of the deformation capability of the cover soil above the}|
particular geomembrane used at éhe site. ) |
Comments: An assessment of the implications of deformation (in this example it is 54 mm) is
very subjective. For example, this problem couid easily have been frarﬂed to.produce mué_h

higher permanent deformations. Such deformations can readily be envisioned in high seismic-

prone areas. At the minimum in such an assessment of cover soil systems, the concerns for

| appurtenances and ancillary piping must be addressed.

6.0 Summary

This report has focused on the mechanics of analyzing slopes as part of final cover

- systems on engineered landfills, abandoned dumps and remediated waste piles. It also applies to

drainage soils placed on geomembrane lined slopes beneéth the waste, at least until solid waste is
placed againét the slope.' Design curves in all of the sections have resulted in global FS-values.
Each section was presented from a designer’s perspective in transitioning f£on'1 the simplest to
the most advanced. Table 1 summarizes the factors-of-safety of the similarly framed example
problems so that insight can be gained from each of the conditions analyzed. Throughout the

chapter, the inherent danger of building a relatively steep slope on a potentially weak interface

‘material, oriented in the exact direction of a potential slide, should have been apparent.
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Table 1 - Summary of Slope Stability Analyses for Similar Conditions per Example
Problems in this Section

Example Condition FS-value
1 standard example* 1.25
2(a) equipment up-slope 1.24
2(b) equipment down-slope 1.03
3 tapered thickness 1.57
4 veneer reinforcement 1.57
5 seepage 0.93
6 seismic : 0.94

*30 m long slope, sand cover soil of 300 mm thickness, ¢ = 30 deg.,
on a geomembrane with 6 = 22 deg., at a slope angle § = 18.4 deg.

The standard example was purposely made to have a low, but not at failure, factor-of-safety.
The FS-value was seen to decrease with construction equipment on the slope, particularly when
moving down-slope. This situation should be avoided. While the techniques of a tapered cover
soil thickness and veneer reinforcement using geosynthetics both result in significant
improvement of the slope’s stablhty both have implications. The former being addltlonal soil
cost and toe space requlrements, the latter being the cost of the C’eosynthetlcs

Other options available to the de31gn¢r to increase the stability of a given situation are as

follows:

1. Decrease the slope angle either uniformly by a constant amount, or 0radua.lly from the
toe to the crest, i.e., crown the cover soil topography into a domed shape.
2. Interrupt long slope lengths with intermediate benches, or even berms if erosion

conditions so warrant.

3. Provide for discrete zones of the cover surface topography, each with its separate -

grading pattern. Thus one will have an accordion folded tvpe of grading scheme,
instead of a uniform final topography.

4. Provide for a temporary cover until the majority of the subsidence occurs in the waste
mass (perhaps waiting for 5 to 10 years), which has the effect of decreasing the toe-

to-crest elevation difference. Construct the final cover at that time.
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5. Work with lower than typical factors-of-safety during the post-closure period. If a
slide occurs, design the cross section so that the barrier layer is not effected and then
repair the slope accordingly.

Lastly, the decrease in FS-value from seepage forces and from seismicity were both illustrated.
Clearly, seépage forces should be avoided by providing proper drainage above the barrier layer.
On the other hand, seismicity is site-specific and must be dealt with accordingly. In Appendix
“A”, variations of the above dealing with multiple lined slopes are addressed. It is seen that
these pro‘blems form a subset of the veneer reinforcement design model presented in Section 3.4.

We conclude with a discussion on factor-of-safety (FS) values for cover soil situations.
Note that we are referring to the global FS-value, not partial FS-values which necessarily must
be placed on geosynthetic reinforcement materials when they are present. In general, one can
consider global FS-values to vary in accordance with the site specific issue of required service
time (i.e., the durétion) and the implication of a slope failure (i.e., the concern). Table 2 gives
the general concept in qualitative terms.

" Table 2 - Qualitative Rankings for Global Factor-of-Safety Values in Performing
Stability Analyses of Final Cover Systems

Duration — Temporary Permanent
! Concern
- Noncritical ' Low Moderate
Critical Moderate . High

Using the above as a conceptual guide, the authors recommend the use of the minimum global

factor-of-safety values listed in Table 3, as a function of the type of underlying waste.

Table 3 - Recommended Global Factor-of-Safety Values in Performing Stability
Analyses of Final Cover Systems

Type of Waste— | Hazardous | Nonhazardous | Abandoned |Remediated
' Waste Waste Dumps - Waste
| Ranking _ Piles
.- Low 1.4 1.3 1.4 1.2
Moderate 1.5 14 1.5 1.3 .
High 1.6 1.5 1.6 - 1.4
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It is hoped that the above values give reasonable guidance in final cover slope stability decisions,
but it should be emphasized that regulatory agreement and engineering judgment is needed in

many, if not all, situations.
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Appendix “A” - Slopes with Multiple Interfaces

The vé.rious examples presented in the main body of this report are felt by the authors to
cover the requisite technical knowledge to safely design linear slopes containing geosynthetic
inclusions. The general situation encountered, and developed accordingly, was a cover soil on
the surface of a geomembrane, where the interface friction angle between the two materials was
low enough to put the cover soil in jeopardy of sliding. A number of variations on this theme
(equipment loading, tapered covér-soils, veneer reinforcement, seepage effects and seismic
effects) were analyzed and illustrated by example problems. Yet, there are literally hundreds of
different cross-sections of geosynthetically lined slopes that one can envision. A particular

situation which is common (and has not yet been considered) is where the low interface shear

strength layer is located beneath the uppermost soil-to-geosynthetic layer. The following
situations come to mind and apply equally to linerv systems beneath solid waste and -cover
systems above splid waste:
| "« Geotextile cushion (for protection purposes)' placed above a 'srnooth geomembrane.
. G_ebmefnbrane (smooth or textured) placed above a clay soil (CCL or GCL) as with a
composite liner. | | | ’
. Geotcxfile/geomembrane (usually textured) placed above a clay soil (CCL or GCL),
thus a combination of the previous two situations.
. Geotextile/geomernbrane (textured)/geonet composite/geomembrane (textured) placed
above a clay soil (CCL or GCL) as in a double liner situation.
These situations are illustrated in Figures A-1 to A-4, respectively. In each case, there is the

likelihood for a low shear strength interface to be located beneath the uppermost geosynthetic

surface. When such an interface has a friction angle lower than the slope angle (i.e., when & <
B), tension will be induced in the overlying geosynthetic(s). This tension will cause deformation
in the overlying geosynthetic(s) or anchorage pullout unless the overlying geosynthetic(s) are

restrained. In such cases of adequate restraint, the deformations can cause tensile stresses that
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are sufficiently large so as to cause a wide width tensile failure and subsequent sliding of all of

the overlying materials.

Geotextile

-'--'------'~

[WASTE]

[WASTE

. Geotextile

Y SR -

(b) Liner below waste

Figure A-1 - Geotextile cushion above a geomembrane
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Geomembrane -

CCL or GCL

interface
| WASTE] ,

(a) Cover above waste

WASTE

Geomembrane

- CCL or GCL

interface

(b) Liner below waste

Figure A-2 - Composite liner consisting of a geomembrane above a compacted clay liner
(CCL) or geosynthetic clay liner (GCL)
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Geomembrane
Geotextile

CCL or GCL

i WASTE ]

(a) Cover above waste

WASTE ||'

) | - Geomembrane

CCL or GCL

interface

(b) Liner below waste

Figure A-3 - Geotextile/geomembrane above a compacted clay liner (CCL) or geosynthetic clay
liner (GCL) :
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Geomembrane

-'---------~
\d

I(XXZX')ZXX}Q;$

Geotextile

Geonet composite

interface

WASTE

Geomembrane
.Geotcxtilc

Geonet composite

CCL or GCL

(b) Liner below waste

Figure A-4 - Geotextile/geomembrane/geonet composite/geomembrane above a compacted clay
liner (CCL) or geosynthetic clay liner (GCL)
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Before beginning with numeric problems, however, it should be emphasized that all of
the cross sections just presented can be criticized if any of the interface angles fall below the soil
slope angle. Even though the geosynthetic(s) above the low interface angle material can possibly |
maintain the slope from actually failing, some amount of tensile stress will be induced in the
overlying geosynthetic(s). This is contrary to the desire of most design engineers (and
manufacturers) and poses regulatory concerns as well. In essence what is being done in all such
cases where 0 < P is that the upper geosynthetic(s) is acting as de-facto veneer reinforcement.

When the veneer reinforcement example wa_s given in section 3.4 (recall problem #4),
the reinforcement was provided intentionally with geogrids or high strength geotextiles in the
cover soil. With the cases illustrated in Figures A-1 to A-4, the geosynthetic(s) acts as non-
intentional reinforcement. Clearly these are situations which should be avoided and, if not
possible to avoid, should be challenged insofar as the appropriate design is concerned.
Furthermore, an overt acceptance of the implications 6f tensile stresses being induced into the
effected geosynthetics must be assumed. |

‘There are some important distinc,tion.s and complications between the ahalyses to be
provided in this Appendix_ and the analysis given in section 3.4 for veneer reinforcement. They
are the following:

. The interface shear strength will be geosynthetic-to-géosynthetic or geosynthetic-fo-
underlying clay soil, not overlying drainage soil-to—geoslynthetic_ as illustra_ted for geogrid
reinforcement. The reason is that soil strike-through cannot occur for a geotextile or
geomembrane, wlﬁle it can for a geogrid.

» It will be assumed that there is at least one interface beneath the uppermost geosynthetic
layer that has a friction angle less than the slope angle, i.e., 3 < f3..

e The assumption that will be made in this appendix is that the ovérlying geosynthetic(s) is
fixed within its anchor trench, to the degree that the full strength of the geosynthetic(s)
can be mobilized without pullout. Alternatively, an equal and opposite force can be

provided by virtue of the symmetry of the situation, e.g., in a symmetrically crowned
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cover soil above the waste. If the assumption of full restraint is not met, the cover soil

and geosynthetics will simply slide down slope on the material with the lowest interface

- shear strength.

In all cases of nonintentional reinforcement, the full tensile strength of the overlying
geosynthetic(s) is capable of being mobilized. Thus there are no- partial factors-of-safety
on any of the geosynthetics that are involved, i.e., [T (FSp) = 1.0. If one would purposely
use a high strength composite geotextile or scrim reinforced geomembrane as intentional
veneer reinforcement (but now located deeper in the cross section than illustrated in
section 3.4) one must apply partial factors-of-safety, e.g., [T (FSp) = 2.0, 3.0 or 4.0. Note
that in the example in section 3.4 using intentionally placed geogrid reinforcement, the
value of I (FSp ) was equal to 4.0. |

When multiple geosynthetics are involved above the low interface shear strength

material, strain compatibility of the different materials must be considered. This means

that the first geosynthetic to fail in tension will be the material with the lowest strain at

- failure. This, in turn, will limit the étrength available by other geosynthetics which can

only sustain stress up to the failure strain of the limiting geosynthetic.

So as to paralle] the tutorial concept developed in the main body of the report, we will keep the

hypothetical situations as constant as possible, e.g.,

The thickness of drainage soils over liners beneath the waste will be 300 mm at a soil unit

weight of 18.0 kN/m3. This is the same as in the previous examples.

The thickness of cover soils over liners above the waste will be 1000 mm at a soil unit

weight of 18.0 kN/m3. This is a new class of examples for this report. The reason is that

‘a number of slides of cover soils on closed landfills have occurred in the modes to be

considered.

The slopes of both liner systems and cover systems will be 3(H)-to-1(V), i.e., B = 18.4
deg.

The uninterrupted length of both liner system and cover system slopes will be 30 m.
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) "~ + The lowest interface angle of shearing resistance within the cross section will be
arbitrarily set at 10 deg. This value is probably a lower bound friction angle for most
interfaces; thus the resulting factors-of-safety that are calculated will generally be lower
than found in practice. However, this is obviously a site-specific and material-specific
situation.

* The necessity of accurately assessing the interface friction angle by appropriate
.laboratory testing can not be over-emphasized. (Recall Section 2.2 in the rﬁain body of
the report).

* The possible adhesion of soil to geosynthetic or geosynthetic-to-geosyn_thetic will be

' discounted. This was done in all ptevioﬁs problenis and will be continued in this
appendix as well. Aé wiil be seen, hbwever, the analyfic -formulation is such that an

adhesion value can readily be included in the analysis.

) In all of the examples to follow, the analysis is exactly as was developed and shown in
/ : ~..
section 3.4 for veneer reinforcement. The relevant equation is in the form of axz;i-bx+c=0 which

in our case using FS-values is:
a(FS): + b(FS)+c=0 ' | | (13)
where |
~a=(W,-N,cosf —.Tsinﬁ)cosﬁ :

b=—[(W, - N, cos 8- Tsinf)sin Btan¢ + (N, tané + C, )sin Bcos 8
+sin B(C + W, tan ¢)]

c=(N,tand + C,)sin’ Btan¢ (36)

The resulting FS-value is then obtained from the following equation:

_ —b+b* -4ac

2a (15)

FS§

)

The critical parameter in this Appendix (as it was in section 3.4) is the value “T” in equation
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(36). Of course, “T” is the allowable wide width tensile strength of the geosynthetic(s) involved
above the lowest f_fiction interface material. This value of wide width strength is obtained from
ASTM D4595 for geotextiles, geonets and geocomposites and ASTM D4885 for geomembranes,
| which results in the value of T,,. In turn, T, is generally reduced by partial factors-of-safety to

arrive at the allowable strength. The equation'for geotextiles and geogrids is as follows.

1

el = o X FScn x FScap | (37)
where
T,., = allowable reinforcement strength |
T . = ultimate (as-manufactured) value of reinforcement strength
FS_ - =partial factor-of;safety for installation dafnage
FS., =partial factor-of-safeiy for creep
FS_, = partial factor-of-safety for chemical/biological d_egradatidn

The parallel equation for other geosynthetics (geomembranes, 'geqne,ts, geocomposites ‘and
: geosynthetic clay liﬁérs) has not yet been formulated in the above format. For the Iﬁurpose of this

report the value of T, for all geosynthetics, will be reduced by a collective IT (FS)-value.
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Example A-1 - It is very common td use a geotextile as cushion material for the protection of an

underlying geomembrane. This is almost always the case in liner systems beneath the waste and

is common above the waste as well. There are many geotextiles that can be used, however, the

usual geotextile is a needle punched nonwoven in the mass per unit area range of 400 to 1000

g/m2. When placed as shown in Figure A-1, the friction angle of the geotextile to the soil above

is generally high, e.g., 8 2 25 deg. waever, the friction angle to the underlying geomembrane
can be quite low. This is particularly the case for smooth surface geomembranes, where the

_angle can be as low as 10 deg. This is the situation that will be considered.

Given: For a 30 m long slope at 3(H)-to-1(V), i.e., 18.4 deg., lined with a geotextile over a

geomembrane with an interface 'friction angle of 10 deg., what are the factors-of-safety for the °
following nonwoven heat bonded (NW-HB), nonwoven needle punched (NW—NP), woven slit
film (W-SF), woven monofilament (W-MonoF) and woven multifilament (W-MultiF)

geotextiles? Do the probléms for 300 mm and 1000 mm cover soil thickness at a soil unit wejght

of 18 kN/m3.
No. Geotextile Type Weight Wide Width Strength
GT-1 NW-HB 140 g/m* - 10kN/m
GT-2 NW-NP 540 g/m? - 25kN/m
GT-3 W-SF 260 g/m’ 40 kN/m
GT4 W-MonoF 480 g/m* 80 kN/m
GT-5 W-MultiF 850 g/m? 210 kN/m

' Solution: Using equations (13), (36) and (15) (with no partial factors-of-safety applied, i.e., []

(FS;) = 1.0), the calculated global factors-of-safety are as follows:

No. FS300 mm FS1000 mm
GT-1 0.72 0.74
GT-2 1.15 0.82
GT-3 2.97 0.93
GT-4 ] 1.42
GT-5 oo oo

Note that geotextile GT-2 (the needle punched nonwoven) is the typical protection geotextile

used in this application and its FS-value is inadequate irrespective of the cover soil thickness.
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Also note that with the woven geotextiles, GT-3, GT-4 and GT-5, the FS-values can reach an
acceptable value and in such cases one is providing veneer reinforcement in the same way as
with the geogrid reinforcement of section 3.4. Differences, however, are that thin woven

geotextiles do not provide much cushioning action and that no partial factors-of-safety have been

applied (see next problem).

Given: Redo each of the previous problems, but now use partial factors-of-safety of 2.0, 3.0 and
4.0 on the ultimate strength of the geotextiles and plot the various responses. Also show on the

graphs the response of the previous ﬁroblem where no partial factors-of-safety were applied, i.e.,

with [T (Fsp) = 1.0.

Solution: See graphs in Figure A-5 which are self explanatory.

2.0

FS-values”

i

l'IFs,,’=1.o 2'0] / / ‘

0

15 /
|
1.0 D

GT-1

GT-2:
GT-3:
GT-4:

140 g/m? NW-HB
540 g/m? NW-NP
260 g/m? W-SF
480 g/m2 W-MonoF

GT4

]

100
Ultimate strength (kIN/m)

(a) Thickness of cover soil = 300 mm

Figure A-5 - Graphic solution of example A-1.
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2.0

4l
L

FS-values

GT-1: 140 g/m* NW-HB
- | GT-2: 540 g/m? NW-NP
- | GT-3: 260 g/m? W-SF
. | GT-4: 480 g/m? W-MonoF
| GT-5: 850 g/m2 W-MultiF |-

S TTaTey
0 50 100 150 200 250 300 350
Ultimate strength (kN/m)

(b) Thickness of cover soil = 1000 mm
" Figure A-5 - Graphic solution of example A-1. (cont’d.)

Example A-2 - The barrier system of choice in most federal regulations, e.g. in the USA and

-Germany, is generally considered to be a composite liner. Two possibilities exist; a
geomembrane over a compacted clay liner (GM/CCL), or a geomembrane over a geosynthetic
clay liner (GM/GCL), see Figure A-2. In both cases, the interface can result in low shear
strength. For a GM/CCL, the high water content of the clay, perhaps aggravated by pore water
expulsion, can give low interface friction values. For a GM/GCL, the migration of hydrated
bentonite through the covering geotextile can give low interface friction vaiues. Thus, both
situations require care in material selection (textured geomembranes and needle punched
nonwoven geotextiles help considerably) and in design. Following is a composite liner slope
stability example.

Given: For a 30 m long slope at 3(H)-to-1(V), i.e., 18.4 deg., lined with a geomembrane over a
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CCL or GCL with interface friction angle of 10 deg., what are the factors-of-safety for the

following very flexible polyethylene (VFPE), high density polyethylene (HDPE) and scrim

reinforced polypropylene (PP-R) geomembranes? Do the problems for 300 mm and 1000 mm

cover soil thicknesses at a soil unit weight of 18 kN/m3.

No. Geomembrane Type | Thickness | Wide Width Strength
GM-1 VFPE 1.0 mm 15 kN/m
GM-2 HDPE 1.5 mm 25 kN/m
GM-3 PP-R 1.1 mm 40 kN/m

Solution: Using equations (13), (36) and (15) (with no partial factors-of-safety applied, i.e.,

TI(FS;) = 1.0), the calculated global factors-of-safety are as follows:

No. FS300 mm FS1000 mm
GM-1 0.82 0.77
GM-2 1.15 0.82
GM-3 2.97 0.93

As readily seen, the generally unacceptabl_e FS-values that arise when using geomembranes as
rei_nfor_cement materials are.obvious. The possible' exception is PP-R which is scrim reinforcéd.
Indeed, as the fabric reinforcement strength within the geomembrane increases one can have
stability, but the concept 0'f a composite barrier/reinforcement material is somewhat.
questibnable. Such a design must be carefully considered. If such a reinforced geomembrane is
desired, however, partial factors-of-safety should be included as illustrated in the following
problem.

Given: Redo each of the previous problems, but now use partial factors-of-safety of 2.0, 3.0 and
4.0 on the ultimate strength of the geomembranes and plot the various responses. Also show on
the graphs the response of the previous problem where no partial factors-of-safety were applied,
ie., I1 (FSp) = 1.0.

Solution: See graphs in Figure A-6 which are self explanatory.
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- |GM-1:1.0 mm VFPE
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(a) Thickness of cover soil = 300 mm
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GM-1:1.0 mm VFPE

GM-3:1.1 mm PP-R
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1 -4 T ” 1 i
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Ultimate strength (kIN/m)

(b) Thickness of cover soil = 1000 mm
Figure A-6 - Gréphic solution of example A-2.
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Example A-3 - The combination of the previous two examples gives rise to a situation where a
geotextile cushion placed over a geomembrane, is underlain by a CCL or GCL, see Figure A-3.
If the GM/CCL or GM/GCL interface friction angle is low, both of the overlying geosynthetics
(geotextile and geomembrane) will be placed in tension. Yet, they are acting as individual units
since they are not bonded together. Thus,- their wide-width sfress vs. strain behavior must be
laboratory evaluated and carefully considered. Examples using different geotextiles (as
previously defined) against different geomembranes (as previously defined) follows.

Given: For a 30 m long slope at 3(H)_-to-1.(V), i.e., 18.4 deg., lined with a geotextile over a _
geomembrane which is on a CCL or GCL, with interface friction angle of 10 deg., what are the
factors-of-safety for the following geotextiie/geomembrane variations? The wide-width stress
vs. strain response curves of the different geotextiles along with each of the different
geomembranes (VFPE, HDPE and PP-R) are provided in Figures (A-7), (A-8) and (A-9),
respectively. Do the bro‘blems for 300 mm and 1000 mm cover soil thicknesses at a soil unit

weight of 18 kN/m3.

No. GM Type Geomembrane Geotextile* at
: : ultimate strength ultimate strength
_ GT-1 @ 10kN/m
GM-1 1.0 mm VFPE - 15kNm GT-2 @ 25 kN/m
' - GT-3 @ 40 kN/m
GT-4 @ 80 kN/m

GM-2 1.5 mm HDPE 25kN/m | GT-

GM-3 1.1 mm PP-R 40 kN/m

OEOEIS ISYORIO)

*GT-1: 140 g/m2 NW-HB
" GT-2: 540 g/m2 NW-NP
GT-3: 260 g/m? W-SF
GT-4: 480 g/m? W-MonoF
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To 80 kN/m
A @ 30% strain

GT-4

40 |-

:
(98]

: 140 g/m? NW-HB
: 540 g/m% NW-NP

: 260 g/m? W-SF
. 480 g/m 2 W-MF

30_

GT-2 .

Tensile stress (kN/m)

VFPE Geomembrane

................. y —pp T0 15 kN/m
(@ strain > 400%)

12pa--------Fooa A

GT-1 -

0 ' 50 100
Strain (%)

Figure A-7 - The wide-width stress vs. strain behavior of a 1.0 mm VFPE geomembrane and four
different geotextiles described in example A-3.
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To 80 kN/m

+ @ 30% strain
GT-4 |

40 | ”A" G’1?'3
P . 140 g/m2 NW-HB
P : 540 g/m% NW-NP
b : 260 g/m? W-SF
b : 480 g/m2W-MF

30 | b

Tensile stress (kN/m)

Strain (%)

- Figure A-8 - The wide-width stress vs. strain behavior of a 1.5 mm HDPE geomembfane and
four different geotextiles described in example A-3.
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To 80 kN/m
@ 30% strain

40 |fgooame- GT-3

GT-1: 140 g/m? NW-HB
GT-2: 540 g/m2 NW-NP
GT-3: 260 g/m? W-SF
GT-4: 480 g/m2W-MF

30 |-

1.1 mm PP-R
geomembrane

20

‘Tensile stress (kN/m)

Strain (%)

Figure A-9 - The wide-width stress vs. strain behavior of a 1.1 mm PP-R geomembrane and four
different geotextiles described in example A-3.

Solution: Using equations (13), (36) and (15), (with no partial-factors-of-safety applied), the
calculated global FS-values are given in Table A-1 under the column headings of [] (FS,) = 1.0.
Here it can be seen that global FS-values can indeed reach high values for the 300 mm-thick

cover soil. Thus they may be considered for liner systems beneath waste. For the 1000 mm
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cover soil thickness typical of cover system above the waste, however, the global FS-values are
invariably too low. For both situations, however, partial factors-of-safety have not been
included. This is clearly not a proper design for cover systems which must have stability
lthroughout their design life.

Given: Redo the previous problems but now use partial factors-of-safety of 2.0, 3.0 ahd 4.0 on

the ultimate strength of the géosynthetics involved. Show the results in tabular form and
compare the results to the previous problem where no partial factors-of-safety were applied, i.e.,
[1(FS,)) =1.0.

Solution: See the continuation of Table A-1 where the calculated global FS-values steadily

.decrease as IT (FS)) increases. In all cases they evenfually reach unacceptable values.

Numerous important behav’ioral trends can be observed:

* The thickness of the cover soil is a major issue in the calculated FS-valuc;s; clearly, thick
cover soils are troublesome by their shear mass and are prone to sliding with respect to
thinner cover soils.. ‘

« For thick covér soils with a low. shear strength interface in the barrier system (typically in
the cover system), veneer reinforcement within the cover soil will generally be neéessary.

* The FS-value increases with increased geotextile strength.

« The geotextile stréngth can dominate over the strength of the geomembrane.

* There is, however, an increase in FS-value with increased geomembrane strength.
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Table A-1 - Calculated giobal ES-values of example problem A-3.
Geomembrane/ | Geotextile*/ Composite . {Thickness of cover soil = 300 mm Thickness of cover soil = 1000 mm

ultimate strength | ultimate strength | strength (GM+GT){ IT(FSp )=1.0 | FI(FSp )=2.0 | IT(FSp )=3.0 | TI(FSp )=4.0] [1(FSp )=1.0| T1(FSp )=2.0 | [1(FSp )=3.0 | [1(FSp )=4.0

GT-1./10 kN/m 13+10=23 kN/m 1.07 0.75 - 0.68 0.65 0.81 0.75 0.73 0.72

1.0 mm VFPE/ | GT-2/25 kN{m 13+25=38 kN/m} 245 0.93 0.77 0.71 0.91 0.79 0.76 0.74

15 kN/m GT-3/40 kN/m 114+40=51 kN/m >10 .1.18 0.87 0.77 1.02 0.83 0.78 0.76

GT-4 /80 kN/in 12480=92 kN/m | >10 8.13 1.50 1.07 1.70 0.98 0.86 0.81

GT-1/10 kN/m 224.-|0=32 kN/m 1.61 0.85 0.73 0.69 0.87 0.77 0.75 - 0.73

1.5 mm HDPE/ | GT-2/25 kN/m 22+425=47 kN/m >10 1.09 0.84 0.75 0.99 0.81 0.77 0.75

. 25 kN/m GT-3/40 kN/m 25+40=65 kN/m >10 1.66 1.02 0.85 1.18 0.87 0.80 0.77

GT-4/780 kN/m | 24+80=104 kN/m >10 >10° 1.90 1.20 2.11 1.03 0.89 0.83

GT-1/10 kN/m 40+ 6=46 kN/m 8.13 1.07 | 0.83 0.75 0.98 0.81 0.77 0.75

1.1 mm PP-R/ | GT-2/25kN/m 40+ 3=43 kN/m | 4-.34 1.01 0.81 0.73 0.95 0.80 0.76 0.75

40 kN/m GT-3/40 kN/m 40+40=80 kN/m > 10 2.97 1.24 0.96 1.42 0.93 0.83 079

GT-4/ 80 kN/m 40+40=80 kN/m > 10 2,97 "~ 1.24 0.96 | 0.93 0.83 0.79

1.42

*GT-1 : 140 g/m~2 NW-HB
GT-2 : 540 g/m~2 NW-NP
GT-3: 260 g/m"2 W-SF
GT-4 : 480 g/m"2 W-MF




Exafnple A-4 - While iterations on the above theme can be easily envisioned, the following
example illustrates a relatively common situation, i.e., a double liner system per Figure A-4. In
this situatioﬁ, all of the geosynthetics above the secondary geomembrane-to-CCL or GCL
interface will be assumed to have interface friction values higher than 10 deg. The GM/CCL or
GM/GCL, interface is assumed to be 10 deg. As with the previous problem, strain compatibility
must be considered. The situation is complicated because of the large number of geosynthetics
that are involved.

Given: For a 30 m long slope at Q(H)-to-l(V), i.e., 18.4 deg., lined with a double liner system
consisting of GT/GM/GC/GM/CCL or GCL, the lowest friction angle is the GM/CCL or
GM/GCL, which is 10 deg. What are the global FS-values for the following combination of
various geosynfhetics? Thus, each of the three different geomembranesr [VFPE (textured),
HDPE (textured) and PP-R] are located beneath a 540 g/m’ nonwoven needle punched cushion
geotextile and are sandwiching a geocomposite consisting of a geonet which has thermally
bonded geotextiles on both sides. The wide-width stress Qs. strain response curves. of the
: ggotexti]e and geonet combosite, along with each §f the three different geomembranes (VFPE,
HDPE and _PP-R), are provided in Figures (A-10), (A-11) énd (A-12), respectively. Do the
problems for 300 mm and 1000 mm cover soil thicknesses at a soil unit weight of 18 kN/m3 with

partial factors-of-safety of 1.0, 2.0, 3.0 and 4.0.
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Figure A-10 - The wide-width stress vs. strain behavior of the geotexnle geonet composite and -
VFPE geomembrane used in example A-4.
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Figure A-11 - The wide-width stress vs. strain behavior of the geotextile, geonet composite and
HDPE geomembrane used in example A-4.
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Figure A-12 - The wide-width stress vs. strain behavior of the geotextile, geonet composite and
PP-R geomembrane used in example A-4.
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Errata for page 78

Solution: Using equations (13), (36) and (15), the calculated global FS-values are as follows:

Thickness of | Geomembrane Partial factors-of-satety
cover soil Type [(FSp)=1.0 | [1(FSp)=2.0 | M(FSp)=3.0 | [I(FSp)=4.0
' - VEPE oo 4,71 1.38 1.02
300 mm HDPE o0 - o0 194 [.21
PP-R % oo 1.74 .15
VEPE 157 | 056 0.85 — 0.80
1000 mm HDPE 2.16 1.04 0.89 0.83
PP-R 1.95 T.01 0.88 0.82

As seen in the above table; the FS-values are geherally acceptable when no partial factors-of-
safety are applied to the overlying geosynthetics. However, they gradually fall off to
unacceptable values when gradually higher partial factors-of-safety are included. Moreover,
contrary to what was observed in example A-2, the scrim reinforced polypropylene
geomembrane provides little reinforcement in this case. This is due to the strain compatibility
consideration. As seen in Figure A-12, the geotextile cushion contributes relatively little before
the scrim reinforcement of the PP-R geomembrahe bréikg. |

If one is-tempted to accept the reinforcement hypothesis .of the respective overlying
geosynthetics, the situation must be'challcnged on the basis of two other considerations:

* Relatively large deformations, to the extent of the mobilized stfain in the geosynthetics
will be experienced. The implication of these deformations, particularly at the toe of
the slopes, must be assessed.

~» With such large forces mobilized in the geosynthetics, the resistance within tﬁe anchor
trench cannot be overlooked. Anchor trench design becomes a necessary complement

to the system design. See Koerner and Wayne (1990) and Hulling (1996) for some

guidance in this regard.
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) Appendix “B”’ - Computer Worksheets

Sevén computer worksheets for calculating the FS-values of different cover soil
stability problems were constructed using Microsoft Excel (version 5.0) computer software.
They are listed as follows.

« Worksheet #1;  for uniform thickness cover soil
» Worksheet #2(a); for uniform thickness cover soil with the incorporation of equipment
working up slope - |

» Worksheet #2(b); for uniform thickness cover soil with the incorporation of equipment

working down slope
- *Worksheet #3;  for tapered thickness éover soil
'« Worksheet #4;  for uniform thickness cover soil with veneer reinforcement
« Worksheet #5(a); for uniform thickness cover soil with horizpntal seepage bﬁildup
- ) * Worksheet #5(b); for uniform thjcknes§ cove-r‘soil w1th pa;ailel-to-slope seepage buildup
» Worksheet #6;  for -uniform and/or t';lpered thickness cover soil.. with consideration of

seismic forces

The above worksheets were used extensively during the preparation of this report. All of
the design curves presented in the report were generated via these worksheets. The solutions of
the example problems presented in this report were also obtained using these worksheets. The

éomputer printouts for the various problems are shown on the following pages.

As seen in the computer printouts, the numbers in boxes are the required input data. The
intermediate calculated values, along with the final resulting FS-values, are shown in italic
letters. The detailed definitions of the input data can be found in the appropriate sections of the
report.

Note that these computef worksheets were designed as tools for a generalized parametric

' ) study and/or sensitivity analysis. They should not be used as replacements for detailed, site

specific engineering design.
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For GSI/GRI members only ' Constructed by: Te-Yang Soong

SOIL. SLOPE STABILITY ANALYSIS - WORKSHEET #1

Uniform Cover Soil Thickness

—~

Calculation of FS
Active Wedge;
Wa= 156.6 kN
Na 148.6 kN

I

Passive Wedge;
Wp= 2.7 kN

i:s=-b+ Vb _- dac
: 2a 5

a= 14.8

b= -21
c= 3.5

| Fs= 1.25 |

thickness of cover soil = h=| 0.30{m
cover soil slope angle beneathe the geomembrane = B =| 18.4]° = 0.32 (rad)’
- finished cover soil slope angle = w =] 18.4}° = 0.32 (rad.)
length of slope measured along the geomembrane ='L =| 30.0|m
' unit weight of the cover soil =y={| 18.0/kN/mA3
friction angle of the cover soil =¢=| 30.0]° = 0.52 (rad.)
cohesion of the cover soil =c = 0.0]kN/m~r2 - C= 0 kN
interface friction angle between cover soil and geomembrane =§=| 22.0}° = 0.38 (rad.)
adhesion between cover soil and geomembrane =c¢a= 0.0[kN/m~a2 Ca= 0 KN

Note:|numbers in boxes are input values |

numbers in ltalic are calculated values
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For GSI/GRI members only

(" SOIL SLOPE STABILITY ANALYSIS - WORKSHEET #2(a)

Uniform Cover Soil Thickness with the Incorporation of Equipment Loads

Constructed by: Te-Yang Soong

Active Wedge Active Wedge:
Wa= 156.6 kN
Na= 148.6 kN
[
F;S 0 I - 4ac
as - -73:1
Dae Sor d Q" S
cn"i5170
| Fs= 1.24 |
thickness of cover soil = 0.30|m
cover soil slope angle beneathe the geomembrane = f =| 18.4/° = 0.32 (rad.)
finished cover soil slope angle = ® =| 18.4]° = 0.32 (rad.)
Iength of slope measured along the geomembrane = L =| 30.0|{m
unit weight of the cover soil = 18.0{kN/mA3 :
friction angle of the cover soil = ¢- ~30.0/° = 0.52 (rad.)
cohesion of the cover soil =¢c = 0.0|kN/mA2 C= 0 kN
mterface friction angle between cover soil and geomembrane =8=| 22.0(° = 0.38 (rad.)
adhesion between cover soil and geomembrane =ca = 0.0|kN/mA2 Ca= 0 kN
thickness of cover soil=h=_0.30 m b/h= 2.0
equipment ground pressure(= wt. of equipment/(2xwxb)) = q =} 30.0/kN/mA2 We=q xw“: 87.3
. length of equipment track = w = 3.0{m Ne=Wecos p= 82.8
width of equipment track = b = 0.6|m Fe=We x (a/g)a: 0.0
influence factor at geomembrane interface = | =| 0.97
acceleration of the bulldozer = a =} 0.00|qg

Note:[numbers in boxes are input values I

numbers in ltalic are calculated values
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For GSI/GRI. members only

TABIL YSIS -

Constructed by: Te-Yang Soong

Uniform Cover Soil Thickness with the Incorporation of Equipment Loads

Calculation of FS
Active Wedge We h Active Wedge:
Wa= 156.6 kN
Wa l Fe Na= 148.6 kN
o 2~ e Passive Wedge:
3 :
o y Wp= 2.7 KN
Ep o Ne
ive W
Passive Wedge /Eér gy/( 4 'FS__b.,.[b -4ac.
e 2a
C— o B
N s _ NA a= 88.3
p o b= -107
Cc= 170
Np
| Fs= 1.03 |

thickness of cover soil = h=

cover soil slope angle beneathe the geomembrane = § =

‘ finished cover soil slope angle = o =

length of slope measured along the geomembrane = L =

: unit weight of the cover soil =y=

friction angle of the cover soil =¢ =

cohesion of the cover soil =¢c =

interface friction angle between cover soil and geomembrane =§ =
adhesion between cover soil and geomembrane =ca =

thickness of cover soil = h =

equipment ground pressure(= wt. of equipment/(2xwxb)) = q =| *

length of equipment track = w

width of equipment track = b

influence factor at geomembrane interface = | =
acceleration of the bulldozer = a =

0.30|m

18.4)° (rad.) \

0.32

18.4|° 0.32 (rad.)

30.0|m

18.0|kN/mA3

30.0J° = 0.52

0.0[{kN/m~A2

22.01° = 0.38

0.0|kN/m~r2

0.30

We=q xw x I=

3.0 Ne=Wecos B =

0.6

0.97

0.19

Note:[numbers in boxes are input values |

numbers in Italic are calculated values
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For GSI/GRI members only Constructed by: Te-Yang Soong

P LYSIS - W

Tapered Cover Soil Thickness

Calculation of FS
Active Wedge:
Wa= 391.2 kN
Na= 371.2 kN

Passive Wedge:
Wp= 63.4 KN

FSwDt Ib -4acl
L 2a

///’

/’ a= 37.0

=50 B ig4
C= 8.6

/
| . Fs= 157 | ).0d
it
> thickness of cover soil at crest of the slope = hc ={ 0.15|m

thickness of cover soil at bottom of the landfill = D =| 0.30|m
cover soil slope angle beneathe the geomembrane = f =[ 18.4 0.32 (rad.)
: finished cover soil slope angle = » =} .16.0]{° = 0.28 (rad.)

length of slope measured along the geomembrane = L =| _30.0fm

°
]

y2= 1.26 (m)
yl= 0.16 (m)
(w+B)/2= 0.300 (rad.)

(= 17.2 9
unit weight of the cover soil =y=| 18.0/kN/mA3
friction angle of the cover soil =¢=| 30.0/° = 0.52 (rad.)
cohesion of the cover soil =c = 0.0[{kN/ma2 C= 0 kN
interface friction angle between cover soil and geomembrane =8§=| 22.0|° = 0.38 (rad.)
adhesion between cover soil and geomembrane =ca = 0.0{kN/m»2 Ca= 0 kN

Note:|numbers in boxes are input values |

numbers in Italic are calculated values
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For GSI/GRI members only

Uniform Cover Soil Thickness.with Veneer Reinforcement

Active Wedge

Reinforcement

Constructed by: Te-Yang Soong

lati f F

Wa= 156.6 kN
Na= 148.6 kN

Passive Wedge:

[FS=‘b+ Ib_-4ac

i 2a
a= 11.8
b= -21
C= 3.5
| Fs= 1.57 |
thickness of cover soil = h=| 0.30|m
cover soil slope angle beneathe the geomembrane = B =| 18.4/° = 0.32 (rad.)
finished cover soil slope angle = w =| 18.4|° = 0.32 (rad.)
length of slope measured along the geomembrane = L =| 30.0|m
unit weight of the cover soil =y=| 18.0/kN/mA3
friction angle of the cover soil =¢=| 30.0]° = 0.52 (rad.)
cohesion of the cover soil =c = 0.0{kN/m~»2 C=.:0 kN
interface friction angle between cover soil and geomembrane =§=| 22.0|° = 0.38 (rad.)
adhesion between cover soil and geomembrane =ca = 0.0/kN/mA2 = 0 kN
ultimate (manufactured) value of reinforcement strength = Tult =} 40.0{kN/m
partial FS for installation damage = (FS)ID ={ - 1.8
partial FS for creep = (FS)CR = 2.4
partial FS for chemical/biological degradation = (FS)CBD = 1.3 T reqd = 10.0 kN/m

Note:|{numbers in boxes are input values |

numbers in Italic are calculated values
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For GSI/GRI members only

Seepage Forces with Horizontal Seepage Buildup

Constructed by: Te-Yang Soong

(a) Active Wedge

Bl e
sinB sinBcosB

(b) Passive Wedge

Calculation of FS
Active Wedge:
WA = 172 kN
Un= 40.5 kN
Uh= 0.44 KN
" NA = 123 kN
Passive Wedge:
WP= 3.16 KN
Uv = 1.33. kN
y I
| _‘b+ '4a
|FS- 22
a= 51.7
b= -58
C= 9.0
| Fs= o0.93 |

thickness of cover soil = h =

length of slope measured along the geomembrane = L =
cover soil slope angle beneathe the geomembrane = =
vertical height of the slope measured from the toe = H =

horizontal submergence ratio = HSR =| 0

vertical height of the water surface measured from the toe = Hw =

dry unit weight of the cover soil =ydry

saturated unit weight of the cover soil =y sat'd

unit weight of water =yw

friction angle of the cover soil =¢ =

interface friction angle between cover soil and geomembrane =8 =

18.4]° = 0.32 (rad.)

18.0|kN/mA3

21.0/kN/mA3

9.81 kN/mA3

30.0]° 0.52 (rad.)

22.0]° = 0.38 (rad.)

Note:@mbers in boxes are input valuesj

numbers in ltalic are calculated values
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For GSI/GRI members only

-W

Seepage Forces with Parallel-to-Slope Seepage Buildup

(a) Active Wedge

" YubycosB

<

ZeCp

ol

(b) Passive Wedge

Constructed by: Te-Yang Soong

Iculation of F
Active Wedge:
WA = 173 kN
Un = 41.5 kN
Uh= 0.11 kN
NA = 122 kN
Passive Wedge:
WP= 2.82 KN
Uvr= 0.33 kN

Fe—-b+ b -dac
FS = o=

a= 5.7
b= -58
c= 9.0

thickness of cover soil = h =| 0.30|m
length of slope measured along the geomembrane =L =| 30.0|m
cover soil slope angle beneathe the geomembrane = B =| 18.4/°

vertical height of the slope measured from the toe = H = 9.5 m

parallel submergence ratio = PSR =| 0.50
depth of the water surface measured from the geomembrane = hw=  0.15 m
dry unit weight of the cover soil =ydry =| 18.0/kN/mA3
saturated unit weight of the cover soil =ysat'd =| 21.0|kN/mA3
unit weight of water =yw = 9.81 kN/mA3

friction angle of the cover soil =¢=| 30.0]°
interface friction angle between cover soil and geomembrane =§=| 22.0|°

= 0.32 (rad.)

0.52 (rad.)
0.38 (rad.)

Note:lnumbers in boxes are input values ]

numbers in Italic are calculated values
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B T T I

"‘> (Note: input w equals to B for uniform cover soil thickness)

For GSI/GRI members only . Constructed by: Te-Yang Soong

") SOIL SLOPE STABILITY ANALYSIS - WORKSHEET #6

Uniform and/or Tapered Cover Soil with Consideration of Seismic Forces

Calculation of FS
Active Wedge:
Wa= 156.6 kN
Na= 148.6 kN
Ca= 0.0 kKN
Passive Wedge:
Wp= 2.7 kN
C= 0.0 KN
] "
1 |
FS=b+ - 4ac:
AT 2a
A
L a= 59.6
,’fﬂ) b= -67
c=  10.4
| Fs= 0.94 |

thickness of cover soil at crest of the slope = hc =| 0.30|m
thickness of cover soil at bottom of the landfill = D =| 0.30|m .

cover soil slope angle beneathe the geomembrane = B=| 18.4|° 0.32 (rad.)

finished cover soil slope angle = o =[ 18.4|° = 0.32 (rad.)

length of slope measured along the geomembrane = L ={ 30.0[m

y2= 0.00 (m)
yl= 0.32 (m)
(0+B)2= 0.321 (rad.)

(= 18.4 9
unit weight of the cover soil =y={ 18.0{kN/mA3
friction angle of the cover soil =¢=| 30.0|° = 0.52 (rad.)
cohesion of the cover soil =c= 0.0]kN/mA2
interface friction angle between cover soil and geomembrane =§=| 22.0(° = 0.38 (rad.)
adhesion between cover soil and geomembrane =ca= 0.0{kN/mA2

seismic coefficient = Cs = g

Note:[numbers in boxes are input values |

numbers in Italic are calculated values
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